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(54) Zoom lens 

(57) A zoom optical system comprises a plurality of 
optical elements. The plurality of optical elements 
include a first optical element having two refracting sur- 
faces and a plurality of reflecting surfaces formed in a 
transparent body, being arranged such that a light beam 
enters an inside of the transparent body from one of the 
two refracting surfaces and, after being successively 
reflected from the plurality of reflecting surfaces, exits 
from the other of the two refracting surfaces, and/or a 
second optical element having a plurality of surface mir- 
rors integrally formed and decentered relative to one 
another, being arranged such that an incident light 
beam exits therefrom after being successively reflected 
from reflecting surfaces of the plurality of surface mir- 
rors, and a third optical element composed of a plurality 
of coaxial refracting surfaces. In the zoom optical sys- 
tem, an image of an object is formed through the plural- 
ity of optical elements, and zooming is effected by 
varying relative positions of at least two optical ele- 
ments of the plurality of optical elements. 
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(54) Zoom lens 

(57) A zoom optical system comprises a plurality of 
optical elements. The plurality of optical elements 
include a first optical element having two refracting sur- 
faces and a plurality of reflecting surfaces formed in a 
transparent body, being arranged such that a light beam 
enters an inside of the transparent body from one of the 
two refracting surfaces and, after being successively 
reflected from the plurality of reflecting surfaces, exits 
from the other of the two refracting surfaces, and/or a 
second optical element having a plurality of surface mir- 
rors integrally formed and decentered relative to one 
another, being arranged such that an incident light 
beam exits therefrom after being successively reflected 
from reflecting surfaces of the plurality of surface mir- 
rors, and a third optical element composed of a plurality 
of coaxial refracting surfaces. In the zoom optical sys- 
tem, an image of an object is formed through the plural- 
ity of optical elements, and zooming is effected by 
varying relative positions of at least two optical ele- 
ments of the plurality of optical elements. 
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Description 

BACKGROUND OF THE INVENTION 
5 Field of the Invention 

This invention relates to zoom optical systems and image pickup apparatus using the same and, more particularly, 
to an optical system which comprises a plurality of optical elements of two types, one of which has a plurality of reflect- 
ing surfaces and the other of which has refracting surfaces alone, wherein, of the plurality of optical elements, at least 
10 two optical elements move in differential relation to effect zooming (to vary magnification). Still more particularly, this 
invention relates to zoom optical systems suited to be used in video cameras, still video cameras or copying machines. 

Description of Related Art 

15 The zoom optical systems for the image pickup apparatus have been known as constructed with refracting ele- 
ments or lenses alone. These lenses are of the spherical or aspheric form of revolution symmetry and arranged on a 
common optical axis so that their surfaces take revolution symmetry with respect to the optical axis. 

In the field of art of photographic objectives, there have been many previous proposals for utilizing reflecting sur- 
faces such as convex or concave mirrors. It has been also known to provide an optical system which makes use of a 
20 reflecting system and a refracting system in conjunction. This optical system is well known as the catadioptric system. 

Fig. 23 is a schematic diagram of an optical system composed of one concave mirror and one convex mirror, or so- 
called mirror optical system. 

In the mirror optical system shown in Fig. 23, an axial light beam 104 coming from an object is reflected by the con- 
cave mirror 101. While being converged, the light beam 104 goes toward the object side. After having been reflected by 
25 the convex mirror 102, the light beam 104 forms an image on an image plane 103. 

This mirror optical system is based on the configuration of the Cassegrain type of reflecting telescope. The aim of 
adopting it is to shorten the total length of the entire optical system compared with the long physical length of the refract- 
ing telescope, as the optical path is folded by using two reflecting mirrors as arranged in opposed relation. 

Even for the objective lens system constituting part of the telescope, for the same reason, the Cassegrain type and 
30 many other types have come to be known which differ in the number and the construction and arrangement of reflecting 
mirrors in order to ever more shorten the total length of the entire system. 

Up to now, effort has been made to shorten the total length of the photographic lens as it is usually unduly long. For 
this purpose, instead of some of its lens elements, mirrors are used to efficiently fold up the optical path. A compact 
optical system of mirror type is thus obtained. 
35 In the Cassegrain type reflecting telescopes or like mirror optical systems, however, the use of the convex mirror 
102 leads, in general case, to a problem that the object light beam 104 is shaded in part. This is attributable to the fact 
that the back of the convex mirror 102 lies within the domain of passage of the object light beam 104. 

To solve this problem, the mirror may be decentered, thus permitting the domain of passage of the object light beam 
104 to be cleared of the obstruction of the other parts of the optical system. In other words, the principal ray 106 of the 
40 object light beam 104 is set off from an optical axis 105. Such a mirror optical system, too, has previously been pro- 
posed. 

Fig. 24 is a schematic diagram of a mirror optical system disclosed in U.S. Patent No. 3,674,334, which has solved 
the above-described problem of shading in such a way that the mirrors of revolution symmetry with respect to the optical 
axis are cut off in part. 

45 The mirror optical system shown in Fig. 25 comprises, in the order in which the light beam encounters, a concave 
mirror 1 1 1 , a convex mirror 113 and a concave mirror 1 12. In the prototype design, these are of the forms shown by the 
double-dots and single-dash lines, or of revolution symmetry with respect to the optical axis 1 14. In actual practice, the 
concave mirror 1 1 1 is used in only the upper half on the paper of the optical axis 1 14, the convex mirror 1 1 3 in only the 
lower half and the concave mirror 1 12 in only a lower marginal portion, thereby bringing a principal ray 1 16 of the object 

so light beam 1 1 5 away from the optical axis 1 1 4. The optical system is thus made free from the shading of the object light 
beam 115. 

Fig. 25 is a schematic diagram of another mirror optical system disclosed in U.S. Patent No. 5,063,586. In this mir- 
ror optical system, the mirrors are so arranged that their central axes set themselves off the optical axis of the system. 
By this arrangement, a principal ray of the object light beam is dislocated from the optical axis, thus solving the above- 
55 described problem. 

In Fig. 25, an object to be photographed lies in a plane 121. Assuming that a line perpendicular to the plane 121 is 
an optical axis 127, it is found that, as the light beam encounters a convex mirror 122, a concave mirror 123, a convex 
mirror 124 and a concave mirror 125 successively in this order, the centers of area of their reflecting surfaces and their 
central axes (the lines connecting those centers with the respective centers of curvature of these reflecting surfaces) 
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122a, 123a, 124a and 125a are decentered from the optical axis 127. In Fig. 25, the amounts of decentering of such 
parameters and the radii of curvature of all the surfaces are appropriately determined to prevent the object light beam 
1 28 from being shaded by the back of any one of the mirrors. An object image is thus formed on a focal plane 1 26 with 
high efficiency. 

5 In addition, US. Patents Nos. 4,737,021 and 4,265,510 even disclose similar systems freed from the shading effect 

either by using partial mirrors of revolution symmetry with respect to the optical axis or by arranging the central axes 
themselves of the mirrors in decentered relation from the optical axis. 

Meanwhile, the catadioptric optical system using both of reflecting mirrors and refracting lenses can be made to 
have the function of varying the image magnification. As an example of this optical system, mention may be made of 
10 deep sky telescopes disclosed in, for example, U.S. Patents Nos. 4,477, 1 56 and 4,571 ,036, in which the image magni- 
fication is made variable by using a parabolic mirror in the main mirror in conjunction with the Erf le eye-piece. 

It is also known to provide another zooming technique which moves two mirrors constituting part of the above- 
described mirror optical system in differential relation. By this technique, the image magnification (or focal length) of the 
optical system for photography is made variable. 
15 For example, U.S. Patent No. 4,812,030 discloses application of such a zooming technique to the Cassegrain type 

reflecting telescope shown in Fig. 23, wherein the separation from the concave mirror 1 01 to the convex mirror 102 and 
the separation from the convex mirror 1 02 to the image plane 1 03 are made variable relative to each other. Thus, a mir- 
ror optical system for photography capable of zooming is obtained. 

Fig. 26 shows another example of application disclosed in the above U.S. Patent No. 4,812,030. Referring to Fig. 
20 26, a light beam 138 from an object encounters a first concave mirror 131 and is reflected from its surface, becoming a 
converging light beam. The converging light beam goes toward the object side, and encounters a first convex mirror 
132. Here, the light beam is reflected toward the image side, becoming an almost parallel light beam. The almost par- 
allel light beam goes to a second convex mirror 134 and is reflected therefrom, becoming a diverging light beam. The 
diverging light beam encounters a concave mirror 1 35. Here, the light beam is reflected and becomes a converging light 
25 beam, focusing an image on an image plane 137. 

In this optical system, the separation between the first concave mirror 131 and the first convex mirror 1 32 is made 
to vary, while the separation between the second convex mirror 134 and the second concave mirror 1 35 is made to vary 
simultaneously, so as to effect zooming. The focal length of the entirety of the mirror optical system is thus made vari- 
able. 

30 Also, in U.S. Patent No. 4,993,81 8, an image formed by the Cassegrain reflecting telescope shown in Fig. 23 is then 
re-focused by another mirror optical system provided in the rear stage, thereby forming a secondary image. The mag- 
nifying power of the mirror optical system for forming the secondary image is made variable. By this arrangement, the 
photographic system as a whole is provided with the capability of varying the image magnification. 

These reflecting optical systems for photography have a great number of constituent parts. To obtain the required 

35 optical performance, it is necessary to increase the accuracy with which to set up the individual optical parts. In partic- 
ular, because the positioning tolerance for the mirrors is severe, it is indispensable to adjust the position and angle of 
each mirror. 

To solve this problem, a method has been proposed, for example, to construct the mirror system in the form of one 
block, thus avoiding an error from occurring when the optical parts are set up. 
40 Heretofore, what are known as such a block having a large number of reflecting surfaces therein are, for example, 
optical prisms such as pentagonal roof prisms or Porro-prisms used in the viewf inder systems. 

For these prisms, a plurality of reflecting surfaces are unified by the molding techniques. All these reflecting sur- 
faces are, therefore, made up under the control of their relative positions with high accuracy, thus obviating the neces- 
sity of doing later adjustment of the relative positions of the assembled reflecting surface to one another. However, the 
45 main function of these prisms is to change the direction in which light advances for the purpose of inverting the image. 
Every reflecting surface has, therefore, to take the plain form. 

On the other hand, there is also known an optical system in which curvature is imparted to the reflecting surface of 
the prism. 

Fig. 27 is a schematic diagram showing the main parts of an observing optical system disclosed in U.S. Patent No. 
so 4,775,217. This observing optical system is used for observing the external field or landscape and, at the same time, 
presenting an information display of data and icons in overlapping relation on the landscape. 

The rays of light 145 radiating from an information display body 141 are reflected from a surface 142, going to the 
object side until they encounter a half-mirror 143 of concave form. After having been reflected from the half-mirror 143, 
the light rays 145 become nearly parallel by the refractive power of the concave surface 143, and pass through the sur- 
55 face 142, reaching the eye 144 of the observer. So, the observer views an enlarged virtual image of the displayed data 
or icons. 

Meanwhile, a light beam 146 from an object enters at a surface 147 which is nearly parallel with the reflecting sur- 
face 142, and is refracted there, arriving at the concave half-mirror surface 1 43. Since this surface 143 is coated with a 
half -permeable layer by the vacuum evaporation technique, part of the light beam 146 passes through the concave sur- 
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face 143 and is refracted in transmitting the surface 142, entering the pupil 144 of the observer. So, the observer views 
the display image in overlapping relation on the external field or landscape. 

Fig. 28 is a schematic diagram showing the main parts of another observing optical system disclosed in Japanese 
Laid-Open Patent Application No. Hei 2-297516. This observing optical system, too, is used for viewing the external 
s field or landscape and, at the same time, looking the information on the display device as overlapping the view. 

In this observing optical system, a light beam 154 from an information display body 150 enters a prism Pa at a flat 
surface 157 and is made incident on a parabolic reflecting surface 151 . Being reflected from this surface 151 the light 
beam 154 converges and forms an image on a focal plane 156. During this time, the light beam 154 for display under- 
goes total reflection from the successive two parallel planes constituting part of the prism Pa, reaching the focal plane 
w 1 56. By this arrangement, thinning of the optical system as a whole is achieved. 

The display light beam 154 that has exited as a diverging beam from the focal plane 156 then proceeds while 
undergoing total reflection between the flat surfaces 157 and 158, until it encounters a half-mirror surface 152 of para- 
bolic form. The light beam 154 is reflected from the half-mirror surface 152 and, at the same time, forms an enlarged 
virtual image of the display by its refractive power, becoming a nearly parallel beam. After having passed through the 
surface 157, the light beam 154 enters the pupil 153 of the observer. Thus, the observer looks at the display image on 
the background of the external field or landscape. 

Meanwhile, an object light beam 1 55 from the external field passes through a flat surface 1 58b constituting a prism 
Pb, then passes through the parabolic half-mirror surface 152 and exits from the surface 157, reaching the eye 153 of 
the observer. So, the observer views the external field or landscape with the display image overlapping thereon. 

Further, an optical element can be used on the reflecting surface of a prism. This is exemplified as an optical head 
for photo-pickup disclosed in, for example, Japanese Laid-Open Patent Applications Nos. Hei 5-12704 and Hei 6- 
1 3961 2. Such a head receives the light from a semiconductor laser, then reflects it from the Fresnel surface or hologram 
surface to form an image on a disk, and then conducts the reflected light from the disk to a detector. 

The conventional optical system of the type which has refractive optical elements alone puts the stop inside thereof 
25 In many cases, the entrance pupil lies deep in the optical system. The longer the separation between the stop and the 
entrance surface at the frontmost position, the larger the ray effective diameter of that entrance surface becomes Fur- 
ther, there is a problem that, as the angle of view increases, the ray effective diameter of that entrance surface increases 
even more greatly. 

The optical systems of the mirror type disclosed in the above U.S. Patents Nos. 3,674,334 5 063 586 and 
30 4,265,510 have a common feature that all the reflecting mirrors are made decentered by respective differentamounts 
of decentenng. Hence, the mounting mechanism for the reflecting mirrors becomes very elaborate in structure It is also 
very difficult to secure the setup tolerance. 

The photographic optical systems having the zooming function disclosed in U.S. Patents Nos. 4,812,030 and 
4,993,818, too, has, in any case, a large number of constituent parts such as mirrors and lens elements for forming an 
image. To obtain satisfactory optical performance, therefore, it is necessary to set up all the optical parts in relation to 
one another with high accuracy. 

Particularly for the reflecting mirrors, the tolerance for the relative position becomes severe. Therefore it is also 
necessary to accurately adjust the position and orientation of each of the reflecting mirrors. 

It should be also noted that the conventional reflecting type photographic optical systems are adapted for applica- 
tion to the so-called telephoto type of lens systems as this type has a long total length and a small field angle To attain 
a photographic optical system which necessitates the field angles of from the standard lens to the wide-angle lens 
because an increasing number of reflecting surfaces for correcting aberrations is required to use, the parts must be 
manufactured to even higher precision accuracy and assembled with even severer a tolerance. Therefore, the produc- 
tion cost has to be sacrificed. Otherwise, the size of the entire system tends to increase greatly. 

Also, the observing optical systems disclosed in the above U.S. Patent No. 4,775,217 and Japanese Laid-Open 
Patent Application No. Hei 2-297516 each have an aim chiefly to produce the pupil image forming function such that 
as the information display is positioned remotely of the observer's eye, the light is conducted with high efficiency to the 
pupil of the observer. Another chief aim is to change the direction in which light advances. Concerning the positive use 
of the curvature-imparted reflecting surface in correcting aberrations, therefore, no technical ideas are directly dis- 
so closed. 

Also, the optical systems, for photo-pickup disclosed in the above Japanese Laid-Open Patent Applications Nos 
Hei 5-12704 and Hei 6-139612 each limit its use to a detecting optical system. Therefore, these systems are unable to 
satisfy the imaging performance for photographic optical systems and particularly image pickup apparatus using a CCD 
or like area type image sensor. 
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BRIEF SUMMARY OF THE INVENTION 



It is an object of the invention to provide a zoom optical system and an image pickup apparatus using the same 
wherein there are provided a plurality of optical elements which are constituted by an optical element in which a plurality 
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of curved or flat reflecting surfaces are formed and an optical element composed only of coaxial refracting surfaces, and 
* relative positions of at least two optical elements of the plurality of optical elements are varied to effect zooming, so that 
the zoom optical system as a whole is minimized in bulk and size, and, at the same time, the accuracy with which the 
reflecting surfaces are set up (or the assembling tolerance) that greatly affects the performance little differs from item 
5 to item. 

Further, a stop is disposed either on the object side of the zoom optical system or adjacent to a light entrance sur- 
face at which a light beam first enters, and an object image is formed at least once within the zoom optical system. By 
this arrangement, despite the zoom optical system having a wide angular field, the effective diameter of every one of 
the optical elements is shortened. Moreover, a plurality of reflecting surfaces constituting the optical element are given 

10 appropriate refractive powers. At the same time, these reflecting surfaces are arranged in decentering relation to 
thereby fold the optical path in the zoom optical system to a desired shape without causing shading of a light beam 
within the zoom optical system. It is, therefore, another object of the invention to provide a zoom optical system of short- 
ened total length in a certain direction and an image pickup apparatus using the same. 

To attain the above objects, in accordance with one aspect of the invention, there is provided a zoom optical sys- 

15 tern, which comprises a plurality of optical elements including a first optical element having two refracting surfaces and 
a plurality of reflecting surfaces formed in a transparent body, being arranged such that a light beam enters an inside of 
the transparent body from one of the two refracting surfaces and, after being successively reflected from the plurality of 
reflecting surfaces, exits from the other of the two refracting surfaces, and/or a second optical element having a plurality 
of surface mirrors integrally formed and decentered relative to one another, being arranged such that an incident light 

20 beam exits therefrom after being successively reflected from reflecting surfaces of the plurality of surface mirrors, and 
a third optical element composed of a plurality of coaxial refracting surfaces, wherein an image of an object is formed 
through the plurality of optical elements, and zooming is effected by varying relative positions of at least two optical ele- 
ments of the plurality of optical elements. 

Of the other features, especial ones are as follows. 

25 A stop is disposed on a light entrance side of the zoom optical system, or adjacent to a light entrance surface at 
which a light beam first enters. 

Each of the at least two optical elements of which relative positions are varied has an entering reference axis and 
an exiting reference axis in parallel to each other. 

The at least two optical elements of which relative positions are varied move on one movement plane in parallel to 

30 each other. 

Each of the at least two optical elements of which relative positions are varied has an entering reference axis and 
an exiting reference axis oriented to the same direction. 

One of the at least two optical elements of which relative positions are varied has an entering reference axis and 
an exiting reference axis oriented to the same direction, and another of the at least two optical elements of which rela- 
35 tive positions are varied has an entering reference axis and an exiting reference axis oriented to opposite directions. 

Each of the at least two optical elements of which relative positions are varied has an entering reference axis and 
an exiting reference axis oriented to opposite directions. 

Focusing is effected by moving one of the at least two optical elements of which relative positions are varied. 

Focusing is effected by moving an optical element other than the at least two optical elements of which relative 
40 positions are varied. 

The zoom optical system forms at least once an object image at an intermediate point in an optical path thereof. 

Of the plurality of reflecting surfaces, curved reflecting surfaces are all formed to anamorphic shapes. 

All reference axes of the at least two optical elements of which relative positions are varied lie on one plane. 

At least a part of reference axes of an optical element other than the at least two optical elements of which relative 
45 positions are varied lie on the one plane. 

At least one optical element of the plurality of optical elements has a reflecting surface in which a normal line on 
the reflecting surface at an intersection point of a reference axis with the reflecting surface is inclined with respect to a 
movement plane on which the at least two optical elements of which relative positions are varied move. 

These and further objects and features of the invention will become apparent from the following detailed description 
so of the preferred embodiments thereof taken in conjunction with the accompanying drawings. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING 

Fig. 1 shows sectional views of an embodiment 1 of the zoom optical system according to the invention with the 
55 optical paths shown in the YZ plane. 

Fig. 2 shows graphs of the lateral aberrations of the embodiment 1 in the wide-angle end. 

Fig. 3 shows graphs of the lateral aberrations of the embodiment 1 in a middle position. 

Fig. 4 shows graphs of the lateral aberrations of the embodiment 1 in the telephoto end. 

Fig. 5 is a diagram of geometry for explaining the coordinate systems in the embodiments of the invention. 
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Fig. 6 shows sectional views of an embodiment 2 of the zoom optical system according to the invention with the 
optical paths shown in the YZ plane. 

Fig. 7 shows graphs of the lateral aberrations of the embodiment 2 in the wide-angle end. 
Fig. 8 shows graphs of the lateral aberrations of the embodiment 2 in a middle position. 
Fig. 9 shows graphs of the lateral aberrations of the embodiment 2 in the telephoto end 

^>o, 9 ' 1 £ Sh K WS sectiona '^ iews of an embodiment 3 of the zoom optical system according to the invention with the 
optical paths shown in the YZ plane. 

Fig. 1 1 shows graphs of the lateral aberrations of the embodiment 3 in the wide-angle end 
Fig. 12 shows graphs of the lateral aberrations of the embodiment 3 in a middle position. 
Fig. 13 shows graphs of the lateral aberrations of the embodiment 3 in the telephoto end 

Fig. 14 shows sectional views of an embodiment 4 of the zoom optical system according to the invention with the 
optical paths shown in the YZ plane. 

Fig. 15 shows graphs of the lateral aberrations of the embodiment 4 in the wide-angle end. 
Fig. 16 shows graphs of the lateral aberrations of the embodiment 4 in a middle position. 
Fig. 17 shows graphs of the lateral aberrations of the embodiment 4 in the telephoto end. 
Fig. 18 is a perspective view of a zoom optical system with an entering reference axis taken in parallel to the X axis 
Fig. 19 shows sectional views of an embodiment 5 of the zoom optical system according to the invention with the 
optical paths shown in the YZ plane. 

Fig. 20 shows graphs of the lateral aberrations of the embodiment 5 in the wide-angle end. 
Fig. 21 shows graphs of the lateral aberrations of the embodiment 5 in a middle position. 
Fig. 22 shows graphs of the lateral aberrations of the embodiment 5 in the telephoto end. 
Fig. 23 is a diagram of the basic configuration of the Cassegrain type reflecting telescope 

Fig. 24 is a diagram for explaining a first method of avoiding the shading by putting the principal ray away from the 
optical axis in the mirror optical system. 

F i 9 * 2 f ' S 3 dia 5 ram for ex P lainjn 9 a second method of avoiding the shading by putting the principal ray away from 
the optical axis in the mirror optical system. 

Fig. 26 is a schematic diagram of the conventional zoom optical system using reflecting mirrors. 
Fig. 27 is a diagram of an observing optical system using a prism having its reflecting surface curved 
Fig. 28 is a diagram of another observing optical system using a prism having two curved reflecting surfaces 
Fig. 29 is a diagram of the basic design of an embodiment 6 of the zoom optical system according to the invention 
Fig. 30 is a sectional view of the form of a first optical element in the embodiment 6. 
Fig. 31 is a perspective view of the first optical element in the embodiment 6. 

Fig. 32 is a diagram of the basic design of an embodiment 7 of the zoom optical system according to the invention 
Fig. 33 is a diagram of the basic design of an embodiment 8 of the zoom optical system according to the invention 
35 Fig. 34 is a sectional view of the optics of the embodiment 6 in the wide-angle end. 
Fig. 35 is a sectional view of the optics of the embodiment 6 in a middle position. 
Fig. 36 is a sectional view of the optics of the embodiment 6 in the telephoto end. 
Fig. 37 shows graphs of the lateral aberrations of the embodiment 6 in the wide-angle end 
Fig. 38 shows graphs of the lateral aberrations of the embodiment 6 in the middle position. 
Fig. 39 shows graphs of the lateral aberrations of the embodiment 6 in the telephoto end. 
Fig. 40 is a sectional view of the optics of the embodiment 7 in the wide-angle end. 
Fig. 41 is a sectional view of the optics of the embodiment 7 in a middle position. 
Fig. 42 is a sectional view of the optics of the embodiment 7 in the telephoto end. 
Fig. 43 shows graphs of the lateral aberrations of the embodiment 7 in the wide-angle end. 
Fig. 44 shows graphs of the lateral aberrations of the embodiment 7 in the middle position. 
Fig. 45 shows graphs of the lateral aberrations of the embodiment 7 in the telephoto end. 
Fig. 46 is a sectional view of the optics of the embodiment 8 in the wide-angle end. 
Fig. 47 is a sectional view of the optics of the embodiment 8 in a middle position. 
Fig. 48 is a sectional view of the optics of the embodiment 8 in the telephoto end. 
Fig. 49 shows graphs of the lateral aberrations of the embodiment 8 in the wide-angle end 
Fig. 50 shows graphs of the lateral aberrations of the embodiment 8 in the middle position 
Fig. 51 shows graphs of the lateral aberrations of the embodiment 8 in the telephoto end. 

DETAILED DESCRIPTION OF THE INVENTION 

flnH * efore descri f in 9 the embodiments of the invention, the way of expressing the various dimensions of the structure 
and the common features of all the embodiments are described below. 

ev^f i9> 5 £ a dia9 [ am taken to ex P ,aln a coordinate system by which to define the design parameters for the optical 
system of the invention. In the embodiments of the invention, the surfaces are numbered consecutively along a ray of 



30 



40 



45 



50 



55 



JSDOCID: <EP 079051 3A2J_> 



6 



EP0 790 513 A2 



light (shown by single-dot and dash lines in Fig. 5) advancing from the object side to the image plane. This ray of light 
> will be called "reference axis ray", and the i-th surface will be expressed by Ri. 

In Fig. 5, the first surface R1 is a stop, the second surface R2 is a refracting surface coaxial to the first surface R1 , 
the third surface R3 is a reflecting surface tilted relative to the second surface R2, the fourth surface R4 and the fifth 
5 surface R5 each are a reflecting surface shifted and tilted relative to the respective preceding surface, and the sixth sur- 
face R6 is a refracting surface shifted and tilted relative to the fifth surface R5. All of the second to sixth surfaces R2 to 
R6 are constructed on a common substrate of glass, plastic or like material to form an optical element. This is a first 
optical element and, in Fig. 5, indicated by B1 . 

In the construction and arrangement of Fig. 5, therefore, the medium of from an object plane (not shown) to the sec- 
10 ond surface R2 is air. The spaces between the successive two of the second surface R2 through the sixth surface R6 
are filled with a common medium of certain material. The medium between the sixth surface R6 and a seventh surface 
R7 (not shown) is air. 

Since the optical system of the invention is a decentering one, its constituent surfaces have no common optical 
axis. Accordingly, for the embodiments of the invention, the first surface R1 is taken to set up an absolute coordinate 
rs system. The original point is put at the vertex of the first surface R1 which coincides with the center of diameter of a light 
beam. 

A light ray from the original point passes through the optical element B1 , reaching the center of area of a plane on 
which to form the last image. The path of this ray is defined as a reference axis of the optical system. Further, in the 
embodiments of the invention, the reference axis has directional factors (orientations). The orientation is taken as pos- 
20 itive when it coincides with the direction in which the ray for the reference axis advances to the image plane. 

Although the embodiments of the invention will be specified by reference to such an axis, it is to be noted that the 
choice of an axis to be used may otherwise be made on consideration of what reference is most favorable to the optical 
design, the balance of corrected aberrations, or the expression of the shapes of all the constituent surfaces of the opti- 
cal system. However, it is general that the path of a ray which arrives at the center of area of the image plane and 
25 passes through any one of the center of the stop, or the entrance pupil, or the exit pupil, or the first surface of the optical 
system and the center of the last surface, is employed as the reference axis for the optical system. 

That is. in the embodiments of the invention, determination of the reference axis is made in the steps of selecting 
a ray which crosses the first surface, or the stop plane, at the center of effective diameter of the light beam and is to 
arrive at the center of area of the plane on which to form the final image, (or the reference axis ray) and tracing the path 
30 to which it is refracted or reflected by or from every one of the refracting and reflecting surfaces. AH the surfaces are 
numbered consecutively as such a ray for the reference axis undergoes successive refractions and reflections. 

The reference axis changes its direction, as the selected one of the surfaces changes its number, according to the 
law of refraction or reflection, finally reaching the center of the image plane. 

In every one of the embodiments of the invention, the optical system includes tilted surfaces. The tilting is done as 
35 a rule in one and the same plane. So, the axes of the absolute coordinate system are defined as follows. 

Z axis: the reference axis passing the original point and going to the second surface R2; 

Y axis: a line passing the original point and making an angle of 90° with the Z axis counterclockwise in the tilt plane 
(in the paper of Fig. 5); and 

40 X axis: a line passing the original point and perpendicular to each of the Z and Y axes (the normal of the paper of 
Fig- 5). 

For the other surfaces than the first one, the absolute coordinate system is not suitable for expressing their shapes. 
To allow the shape of the i-th surface to be recognized at a glance, it is better to make use of a local coordinate system 
45 whose original point is taken at the point of intersection of the reference axis with the i-th surface. In the specific embod- 
iments of the invention, therefore, the numerical data of the design parameters for the i-th surface are given by using 
the local coordinate system. 

The tilted angle of the i-th surface in the YZ plane is expressed by ei (in units of degree), the counterclockwise direc- 
tion from the Z axis of the absolute coordinate system being taken as positive. In the embodiments of the invention, 
so therefore, the original point of the local coordinate system for each surface lies on the YZ plane in Fig. 5. It should be 
also noted that any surfaces are not decentered in the XZ and XY planes. Further, the y and z axes of the local coordi- 
nate system (x,y,z) for the i-th surface are inclined to the absolute coordinate system (X,Y,Z) by Gi in the YZ plane. So 
these axes are defined as follows: 

55 z axis: the line passing the original point of the local coordinates and making an angle 6i with the Z direction of the 
absolute coordinate system counter-clockwise in the YZ plane; 

y axis: the line passing the original point of the local coordinates and making an angle of 90° with the z direction 
counterclockwise in the YZ plane; and 

x axis: the line passing the original point of the local coordinates and perpendicular to the YZ plane. 
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Di is in the scaler quantity, representing the separation between the original points of the local coordinates for the 
i-th and (i+1)st surfaces, and Ndi and vdi are respectively the refractive index and Abbe number of the medium between 
the i-th and (i+1 )st surfaces. 

Another feature of the embodiments of the invention is that the optical system varies the focal length (image mag- 
nification) as a plurality of optical elements move. To illustrate the embodiments of the invention by citing numerical 
data, the optical system is shown in sectional views in three operative positions, namely, the wide-angle end (W) the 
telephoto end (T) and a middle position (M) therebetween. The numerical data of the variable separations are given in 
tables. 

It is to be noted that the optical element of Fig. 5 moves in the YZ plane. By this, what takes different values with 
different operative positions is the original point (Yi, Zi) of the local coordinates for expressing each surface In the 
numerical examples of the embodiments, for a case where the optical elements movable for varying the image magni- 
fication go along the Z axis, the values Zi of the coordinates are expressed by Zi(W), Zi(M) and Zi(T) as the optical sys- 
tem is stationed in the wide-angle end, the middle position and the telephoto end, respectively. For another case where 
the zooming movement occurs in the Y axis, the values Yi of the coordinates are expressed by Yi(W), Yi(M) and Yi(T) 
as the optical system is stationed in the wide-angle end, the middle position and the telephoto end, respectively. 

Incidentally, the values of the coordinate of every surface are expressed in relation of the values for the wide-angle 
end. The expression of the values for the middle position and the telephoto end is given by the differences from those 
of the wide-angle end. Specifically, denoting the moved amounts from the wide-angle end (W) to the middle position (M) 
and the telephoto end (T) by "a" and "b", respectively, the following equations are obtained: 

Zi(M) = Zi(W) + a 

Zi(T) = Zi(W) + b 

The sign of the "a" or "b" is positive when the surface moves in the plus direction, or negative when it moves in the minus 
direction. The same applies to the case of the movement in the Y axis. Such movement causes variation of the sepa- 
ration Di between the i-th and (i+1)st surfaces. The values of all the variable separations for each of the zooming posi- 
tions are given together in another tabulation. 

The surfaces in the embodiments of the invention are either of sphere or of asphere of revolution asymmetry Of 
these, the sphere can be described by the radius of curvature Ri. The sign of the radius of curvature Ri is taken as plus 
when the center of curvature falls in the plus direction of the z axis of the local coordinates, or as minus when it falls in 
the minus direction of the z axis. 

Here, the shape of the spherical surface is expressed by the following equation: 



z = 



(x 2 + y 2 )/Rj 



+ Vwx" 



2 + y 2 )/Ri 2 



The optical system of the invention includes at least one aspheric surface of revolution asymmetry and its shape is 
40 expressed by the following equation: 

z=A^ + C 02 y 2 + C 20 x 2 + C 03 y 3 + C 21 x 2 y + C 04 y 4 + C 22 x 2 y 2 + C 40 x 4 

where 



A = (a + b)(y • cos 2 t + x 2 ) 

B = 2a-b-cos t[l +{ (b-a)-y-5i/3 t/(2a-b)} 

+ Cl + { (b-a) -ysin t/ (a-b) } - (y 2 /(a-b)} 
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- {4a-b-cos 2 t + (a+b) 2 -sin 2 t }x 2 / (4a 2 b 2 -cos 2 t) ] in ] . 



As far as the variable "x" is concerned, the above-described equation for the curved surface contains only the terms 
of even numbered powers. Therefore, the surface defined by such an equation becomes a symmetric form with respect 
to the YZ plane. If it satisfies the following additional condition: 

10 C 03 = C 21 = t = 0, 

the surface is symmetric with respect to the xz plane. If it satisfies the following furthermore conditions: 

C 02 = C 20' 

15 

C 04 = C 40 = C 22 /2 ' 

the surface is of revolution symmetry. In the case of not satisfying the conditions described above, the shape is of rev- 
olution asymmetry. 

20 In all the embodiments of the invention except the embodiment 4, the first surface is a stop as shown in Fig. 5. The 

term "horizontal semifield u Y " means a half of the maximum angular field the system covers at the first surface R1 in 
the YZ plane of Fig. 5. The term "vertical semifield u x " means a half of the maximum angular field the system covers at 
the first surface R1 in the XZ plane. Also, the diameter of the stop is shown as the aperture diameter. This regulates the 
brightness of the optical system. It is to be noted that, except for the embodiment 4, the entrance pupil takes its place 

25 in the first surface. So, the aperture diameter described above is equal to the diameter of the entrance pupil. 

Also, the effective area of the image plane is shown as the image size. The image area is of the rectangular shape 
with the horizontal sides in the y direction of the local coordinates, and the vertical sides in the x direction. 

Also, in the numerical examples of the embodiments, the size of the optical system is shown as determined by the 
effective diameter of the light beam available at the wide-angle end. 

30 The numerical data of design parameters give lateral aberrations which are graphically represented in the operative 
position of each optical system. For the wide-angle end (W), the middle position (M) and the telephoto end (T), a ray of 
light is incident on the stop R1 at horizontal and vertical angles of (u Y , u x ). (0, u x ), (-u Y , u x ), (u Y , 0), (0,0) or (-u Y 0) with 
production of the lateral aberrations. In the graphs of the lateral aberrations, the abscissa represents the height of inci- 
dence on the pupil and the ordinate represents the produced amount of aberration. In any of the embodiments, every 

35 surface is basically formed to symmetric shapes in respect to the yz plane. Even in the graphs of the lateral aberrations, 
therefore, the plus and minus directions of the vertical angular field become the same. So, the graphs of the lateral aber- 
rations of the minus direction are omitted for the purpose of simplifying the drawings. 
Next, each of the embodiments is described in detail below. 

40 (Embodiment!) 

Fig. 1 shows sectional views in the YZ plane of an embodiment 1 of the zoom optical system according to the inven- 
tion. The present embodiment is applied to the optical system for use in picking up an image to obtain a 3-unit zoom 
lens. Its design parameters have the numerical values given in tables below. 

45 





W 


M 


T 


Horizontal Semifield 


26.3 


18.2 


9.3 


Vertical Semifield 


20.3 


13.9 


7.0 


Aperture Diameter 


2.4 


2.4 


2.4 


where 








W: the wide-angle end; 






M: the middle position; and 






T: telephoto end 
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Image Size in mrn: (H x V) = 4.8 x 3.6 
Optics Size at W: (XxYxZ) = 12.4 x 32.9 x 62.0 
5 where H: horizontal; and V: vertical 
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Yi 


Zi (W) 


9i 


Di 


Ndi 


vdi 


Sur . 


10 
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0.00. 


0.00 


0.00 
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0.00 
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.80 R* 
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0.00 


15.15 
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1. 64769 


33 


.80 L* 




4 


-6.78 


5.66 


2 . 45 


11.20 


1 . 64769 


33 


.80 L 


so 


5 - 


12.49 


15.30 - 
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-14.15 4.82 -17.97 10.69 1.64769 33.80 L 
-21.71 12.38 -22.49 8.37 1.64769 33.80 L 
-21.71 4.01 0.00 Var. 1 R 

*) R stands for refracting surface; L for reflecting 
surface . 



Second Optical Element B2 : 
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29 -21.71 -46.00 0.00 0.00 1 
where I. P. stands for Image Plane. 
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15 





W 


M 


T 


D8 


14.93 


7.22 


9.22 


D18 


13.86 


9.52 


2.59 


D28 


4.08 


16.14 


21.06 



R 1 + up to R 8: 2i(M) = Zi(W) 
20 Zi(T) = 2i(W) 

R 9 + up to R18: Zi(M) = Zi(W) + 7.73 
Zi(T) =Zi(W) + 5.71 
R19 + up to R28: Zi(M) = Zi(W) + 12.06 
Zi(T) = Zi(W) + 16.98 
25 R29: Zi(M) = Zi(W) 

Zi(T) = Zi(W) 

Shape of Spherical Surface: 



30 


R 2 Surface: 


R 2 


= -12.622 




R 8 Surface: 


R s 


= -14.877 




R 9 Surface: 


R 9 


= 12.866 




R 10 Surface: 


R 10 


= 10.705 




R11 Surface: 


R n 


= 138.974 


35 


R12 Surface: 


R 12 


= 14.258 




R13 Surface: 


R-I3 


= -42.325 




R14 Surface: 


R14 


= 14.369 




R15 Surface: 


R15 


= -7.298 




R16 Surface: 


R 16 


= 58.857 


40 


R17 Surface: 


R17 


= 29.735 




R18 Surface: 


R 18 


= -6.045 




R1 9 Surface: 


R 19 


= -98.642 




R20 Surface: 


R 20 


= 20.180 




R21 Surface: 


R 21 


= -28.327 


45 


R22 Surface: 


R 22 


= 37.323 




R23 Surface: 


R 23 


= -11.405 




R24 Surface: 


R 24 


= 11.769 




R25 Surface: 


R 25 


= 11.362 




R26 Surface: 


R 26 


= 67.664 


50 


R27 Surface: 


R 27 


= -6.735 




R28 Surface: 


R 28 


= -5.455 



Shape of Aspheric Surface: 



55 R3: a=-1.67168e+01 
C 03 =-4.89226e-05 
C 04 = 1.08453e-05 



b =-1 .40383e+01 t = 2.13856e+01 
C 21 =-8.30083e-05 

C 22 = 2.53575e-05 C^= 1 .82792e-05 



R4: a=-6.16288e+00 



b=-1.19620e+01 



t = 4.52060e+01 
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C 03 = 4.89807e-03 
C 04 = 1. 88551 e-04 



C 21 = 2.67721 e-03 
C 22 =-2.04184e-04 



C4Q= 1.07399e-04 
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R 5: a =-2.03427e+O1 
C 03 = 5.G2647e-04 
C 04 = 2.09495e-05 

R6: a=-1.22106e-fO2 
C 03 = 4.66466e-04 
C 04 =-4.14548e-05 

R7: a=-1.45959e+01 
C 03 = 2.7351 6e-04 
C 04 =-2.28623e-06 



b =-2.34954e+01 
C 2 i= 1.88611 e-04 
C 22 = 2.42572e-06 

b=-1.22097e+02 
C 21 =4.88673e-05 
C 22 =-1.09844e-04 

b =-1.8491 le+02 
C 21 =5.85397e-05 
C 22 =-6.14890e-06 



t = 3.70433e+01 



C4o=-1.92403e-06 



t = 7.58653e+01 



C4o=-6.05085e-05 



t = 2.98825e+01 



C4Q=-8.24738e-06 



In Fig. 1 , the first surface R1 is a stop at which the entrance pupil lies. A first optical element B1 is constructed with 
a second surface R2 (refracting entrance surface), a third surface R3 to a seventh surface R7 of internal reflection in 
curved form, and an eighth surface R8 (refracting exit surface) arranged on one block. A second optical element B2 is 
constructed with a number of lenses with ten refracting surfaces, or the ninth surface R9 through the eighteenth surface 
R18 arranged on a common optical axis. A third optical element B3 is constructed with a number of lenses with ten 
refracting surfaces, or the nineteenth surface R1 9 through the twenty eighth surface R28 arranged on a common optical 
axis. A twenty ninth surface R29 is the image plane in which the image receiving surface of an image pickup device 
such as a CCD lies. 

The present embodiment is to form a so-called 3-unit zoom lens. The stop R1 and the first optical element B1 con- 
stitute a first lens unit. The second optical element B2 constitutes a second lens unit. The third optical element B3 con- 
stitutes a third lens unit. Of these, the second and third lens units vary their relative positions to perform the function of 
varying the focal length. 

Next, the image forming function is described on the assumption that an object is at infinity. A light beam passing 
through the stop R1 , enters the first optical element B1 and is refracted by the second surface R2. Inside the first optical 
element B1 , it is reflected from the successive surfaces R3 through R7. When exiting from the first optical element B1 , 
the light beam is refracted by the eighth surface R8. During this time, the light beam is once focused to form an inter- 
mediate image in the neighborhood of the fourth surface R4. Further, a second image is formed in the space between 
the first and second optical elements B1 and B2. 

The light beam then enters the second optical element B2, within which it is refracted by all the surfaces R9 through 
R1 8 and then exits therefrom. At this time, the principal ray of the light beam is focused in the neighborhood of the eight- 
eenth surface R18 to form a pupil. 

Next, the light beam exiting from the second optical element B2 enters the third optical element B3, within which it 
is refracted by all the surfaces R19 through R28, and exits therefrom, reaching the twenty ninth surface or plane R29 
on which the final image is formed. 

Next, the operation of varying the image magnification is described. During zooming, the first optical element B1 
remains stationary. The second optical element B2 first moves to the plus direction in the Z axis as zooming goes from 
the wide-angle end toward the telephoto end, and then to the minus direction in the 2 axis. The third optical element B3 
moves to the plus direction in the Z axis, as zooming goes from the wide-angle end to the telephoto end. The image 
plane or the twenty ninth surface R29 does not move during zooming. 

By zooming from the wide-angle end to the telephoto end, the separation between the first optical element B1 and 
the second optical element B2 first narrows and then widens, the separation between the second optical element B2 
and the third optical element B3 narrows, and the separation between the third optical element B3 and the image plane 
R29 widens. Also, the length of the optical path of the entire system beginning with the first surface R1 and terminating 
at the image plane R29 is kept constant during zooming from the wide-angle end to the telephoto end. 

In the present embodiment, the entering and exiting reference axes of the first optical element B1 are parallel to 
each other and oriented to opposite directions. The second optical element B2 and the third optical element B3 which 
perform the function of varying the image magnification have their reference axes in coincidence with the optical axes 
thereof, which are common with each other. The entering and exiting reference axes of each of the second and third 
optical elements B2 and B3 are oriented to the same direction. 

The lateral aberrations of the zoom optical system of the present embodiment are shown in the graphs of Figs. 2, 
3 and 4. 

For the focusing purposes, the stop R1 and the first optical element B1 are moved in unison to the Z axis to suit to 
different object distances. 

An advantage of the present embodiment arises from the facts that the stop R1 is disposed on the object side of 
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the zoom optical system and that two images of an object are formed in the interior of the first optical element B1 and 
behind the first optical element B1 . By this arrangement, the effective diameter of each of the surfaces of the first optical 
element B1 is shortened. This leads to minimize the dimension in the X axis. The optical element of compact form is 
thus obtained. 

Another advantage arises from the fact that the first optical element B1 is provided with a plurality of inner reflecting 
surfaces which are given proper refractive powers and arranged in decentered relation. This allows the optical path to 
be bent to a desired shape without having to mutilate the light beam in passing through the zoom optical system The 
total length in the Z direction is thus shortened. 

Yet another advantage arising from the fact that the first optical element B1 has its reflecting surfaces formed on a 
ngd transparent body is that the reflecting surfaces can be positioned in a uniform tolerance (assembling tolerance) 
which greatly affects the optical performance. The optical system thus little suffers any loss of positioning accuracy with 
aging. 

Further, the zoom optical system is made up by employing two different types of optical elements in good combi- 
nation, one of which has a plurality of reflecting surfaces formed in unison and the other of which is constructed with the 
coaxial refracting surfaces (coaxial optical element). As compared with the case where the zoom optical system is con- 
structed only with the reflecting surfaces arranged in decentered relation, the produced amount of decentering aberra- 
tions is more suppressed by having the coaxial optical element made to share the refractive power. The use of the 
optical element which is composed of coaxial refracting spherical surfaces facilitates the easiness of correcting all aber- 
rations. 

Furthermore, such an optical element of coaxial refracting spherical surfaces is easy to manufacture. 
(Embodiment 2) 
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Fig. 6 shows sectional views in the YZ plane of an embodiment 2 of the zoom optical system according to the inven- 
tion. The present embodiment is applied to the optical system for use in picking up an image and provides a 3-compo- 
nent zoom lens. The numerical data for this embodiment are shown below. 
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Image Size in mm: (H x V) = 3.6 x 4.8 
Optics Size at W: (XxYxZ) = 8.8 x 77.9 x 15.6 
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Second Optical Element B2: 
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Third Optical Element B3: 
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R10 + up to R19: 
R20 + up to R28: 
R29: 



R 1 + up to R 9: Yi(M) . 
Yi(T) = Yi(W) 
Yi(M) = Yi(W) - 6.39 
Yi(T) = Yi(W) - 4.78 
Yi(M) = Yi(W) - 10.02 
Yi(T) = Yi(W) - 15.73 
Yi(M) = Yi(W) 
Yi(T) = Yi(W) 



Yi(W) 



Shape of Spherical Surface: 





R 2 Surface: 


R 2 = 
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R 9 Surface: 


R 9 = 
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R10 Surface: 
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-15.785 
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R12 Surface: 


R 12 = 


806.578 




R13 Surface: 
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R17 Surface: 
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R22 Surface: 


R 22= 


16.059 




R23 Surface: 
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R27 Surface: 


R 27 = 
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R28 Surface: 


R 28= 


5.013 



Shape of Aspheric Surface: 

45 R3: a =-3.5921 8e+01 
C 03 =-3.28591e-04 
C 04 = 3.02002e-05 

R 4: a =-4.46438e+00 
so C 03 =-8.43381e-04 
C 04 =-4.92526e-04 

R5: a=-1.27855e+01 
C 03 = 4.49533e-05 
55 C 04 =-2.72263e-05 

R6: a =-9.17197e+00 
C 03 = 8.58718e-05 
C 04 =-3.09227e-04 



b =-9.56407e+00 
C 21 = 1.09040e-04 
C 22 = 7.33327e-05 

b = 7.31244e+00 
C 21 =1.15148e-04 
C 22 =-1.32799e-03 

b =-2.36243e+01 
C 21 =4.24795e-05 
C 22 =-1.26579e-04 

b =-4.60643e+01 
C 21 =-8.69345e-04 
C 22 =-9.83897e-04 



t = 2.62788e+01 

C4Q= 7.31472e-05 
t= 1.05955e+01 

C4o=-3.91919e-04 
t= 1.82299©+01 

C4o=-1.65426e-04 
t= 1.12881 e+01 

C4o=-1.26913e-03 
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R7: 



a=-1.38671e+01 
C 03 = 1.27138e-05 
C 04 =-8.55028e-06 



b =-2.68360e+01 
C 21 =-3.07799e-04 
C 22 =-5.67380e-05 



t= 1.28619e+01 



C4o=-8.71918e-05 



5 



R8 



a =-7.36361 e+01 
C 03 =-1.26030e-04 
C 04 = 2.0601 7e-05 



b = 5.55994e+01 
C 21 =-1.97414e-03 
C 22 =-2.60272e-05 



t = 7.05431 e+01 



C4o=-3.06310e-04 



In Fig. 6, the first surface R1 is a stop that is the entrance pupil. A first optical element Bl is constructed with a sec- 

w ond surface R2 (refracting entrance surface), six curved inner reflecting surfaces R3 through R8 and a ninth surface R9 
(refracting exit surface) arranged on one block. A second optical element B2 is constructed with a number of tenses with 
ten coaxial refracting surfaces R10 through R19. A third optical element B3 is constructed with a number of lenses with 
nine coaxial refracting surfaces R20 through R28. A twenty ninth surface R29 is the image plane coincident with the 
image receiving surface of an image pickup device such as a CCD. 

is The present embodiment is to provide a so-called 3-unit zoom lens. The stop R1 and the first optica! element B1 
constitute a first lens unit. The second optical element B2 constitutes a second lens unit. The third optical element B3 
constitutes a third lens unit. Of these, the second and third lens units constitute a zoom section and move in differential 
relation to vary the focal length. 

Next, the function of forming an image with an object at infinity is described. A light beam that has passed through 

20 the stop R1 enters the first optical element B1 . In the interior of the first optical element B1 , the light beam is refracted 
by the second surface R2, then reflected from the third surface R3, the fourth surface R4, the fifth surface R5, the sixth 
surface R6, the seventh surface R7 and the eighth surface R8 and then refracted by the ninth surface R9, exiting from 
the first optical element B1 . During this time, the light beam is once focused to form an intermediate image in the neigh- 
borhood of the fourth surface R4. Further, a second image is formed in the space between the first optical element B1 

25 and the second optical element B2. 

The light beam then enters the second optical element B2. In the interior of the second optical element B2, the light 
beam is refracted by the surfaces R10 through R19 and then exits therefrom. At this time, the principal ray of the light 
beam is focused behind the nineteenth surface R1 9 to form a pupil. 

Next, the light beam that has exited from the second optical element B2 enters the third optical element B3. In the 

30 interior of the third optical element B3, the light beam is refracted by the surfaces R20 through R28, and exits therefrom, 
reaching the twenty ninth surface or plane R29 on which a final image is formed. 

Next, the operation of varying the image magnification is described. The first optical element B1 remains stationary 
during zooming. The second optical element B2 first moves to the plus direction in the Y axis as zooming goes from the 
wide-angle end toward the telephoto end, and then to the minus direction in the Y axis. The third optical element B3 

35 simultaneously moves to the plus direction in the Y axis. The image plane or the twenty ninth surface R29 does not 
move during zooming. 

By zooming from the wide-angle end to the telephoto end, the separation between the first optical element B1 and 
the second optical element B2 first narrows and then widens, the separation between the second optical element B2 
and the third optical element B3 narrows, and the separation between the third optical element B3 and the image plane 
40 R29 widens. Also, the length of the optical path of the entire system from the first surface Rl to the image plane R29 is 
kept constant throughout the entire zooming range. 

In the present embodiment, the entering and exiting reference axes of the first optical element B1 make an angle 
of 90° with each other. The second optical element B2 and the third optical element B3 which perform the function of 
varying the image magnification have their reference axes in coincidence with the optical axes thereof, which are com- 
45 mon with each other. The entering and exiting reference axes of each of the second and third optical elements B2 and 
B3 are oriented to the same direction. 

The lateral aberrations of the zoom optical system of the present embodiment are shown in the graphs of Figs. 7, 
8 and 9. 

For the focusing purposes, the stop R1 and the first optical element B1 are moved in unison to the Y axis to suit to 
so different object distances. 

An advantage of the present embodiment arises from the facts that the stop R1 is disposed don the object side of 
the zoom optical system and that two images of an object are formed in the interior of the first optical element B1 and 
behind the first optical element B1 . By this arrangement, the effective diameter of each of the surfaces of the first optical 
element B1 is shortened. This leads to minimize the dimension in the X axis. The optical element of compact form is 
55 thus obtained. 

Another advantage arises from the fact that the first optical element B1 is provided with a plurality of inner reflecting 
surfaces which are given proper refractive powers and arranged in decentered relation. This allows the optical path to 
be bent to a desired shape without having to mutilate the light beam in passing through the zoom optical system. The 
total length in the Z direction is thus shortened. 
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Yet another advantage arising from the fact that the first optical element B1 has its reflecting surfaces formed on a 
rigid transparent body is that the reflecting surfaces can be positioned in a uniform tolerance (assembling tolerance) 
which greatly affects the optical performance. The optical system thus little suffers any loss of positioning accuracy with 
aging. 

Further, the zoom optical system is made up by employing two different types of optical elements in good combi- 
nation, one of which has a plurality of reflecting surfaces formed in unison and the other of which is constructed with the 
coaxial refracting surfaces (coaxial optical element). As compared with the case where the zoom optical system is con- 
structed only with the reflecting surfaces arranged in decentered relation, the produced amount of decentering aberra- 
tions is more suppressed by having the coaxial optical element made to share the refractive power. The use of the 
optical element which is composed of coaxial refracting spherical surfaces facilitates the easiness of correcting all aber- 
rations. 

Furthermore, such an optical element of coaxial refracting spherical surfaces is easy to manufacture. 
(Embodiment 3) 

Fig. 10 shows sectional views in the YZ plane of an embodiment 3 of the zoom optical system according to the 
invention. This embodiment is applied to the optical system for use in picking up an image and provides a 3-component 
zoom lens whose range is about 3. The numerical data for this lens are shown below. 
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Third Optical Element B3: 
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R12 Surface: 
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R1 7 Surface: 
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R22 Surface: 
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R23 Surface: 
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R27 Surface: 


R 27= 
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R28 Surface: 
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Shape of Aspheric Surface: 



a =-1.29771e+01 b =-1.91952e+01 t = 2.50000e+01 
C 03 = 2.25585e-05 C 21 =-2. 1 4047e-04 
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a =-1.83631e+01 b =-2.14773e+01 t = 2.83707e+01 
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R7: 



a = 6.95459e+00 
C 03 = 1.48091e-04 
C 04 =2.36193e-05 



b =-9.77460e+00 
C 21 = 1.42273e-03 
C 22 = 4.19020e-05 



t = 4.22976e+01 



C4Q= 1.80643e-04 
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R8: 



a = 2.61262e+01 
C 03 =4.14325e-05 
C 04 = 3.20699e-06 



b= 1.59224e+01 
C 21 =4.47240e-04 
C 22 =-3.07287e-05 



t =-22.2220e+01 



C4o= 1.58223e-05 



In Fig. 10, the first surface R1 is a stop that is the entrance pupil A first optical element B1 is constructed with a 

w second surface R2 (refracting entrance surface), six curved inner reflecting surfaces R3 through R8 and a ninth surface 
R9 (refracting exit surface) arranged on one block. A second optical element B2 is constructed with a number of lenses 
with ten coaxial refracting surfaces RIO through R19. A third optical element B3 is constructed with a number of lenses 
with nine coaxial refracting surfaces R20 through R28. A twenty ninth surface R29 is the image plane coincident with 
the image receiving surface of an image pickup device such as a CCD. 

15 The present embodiment provides a so-called 3-unit zoom lens. The stop R1 and the first optical element B1 con- 
stitute a first lens unit. The second optical element B2 constitutes a second lens unit. The third optical element B3 con- 
stitutes a third lens unit. Of these, the second and third lens units constitute a zoom section and move in differential 
relation to vary the focal length. 

Next, the function of forming an image with an object at infinity is described. A light beam that has passed through 

20 the stop R1 enters the first optical element B1 . In the interior of the first optical element B1 , the light beam is refracted 
by the second surface R2, then reflected from the third surface R3, the fourth surface R4, the fifth surface R5, the sixth 
surface R6 t the seventh surface R7 and the eighth surface R8 and then refracted by the ninth surface R9, exiting from 
the first optical element B1 . During this time, the light beam is once focused to form an intermediate image in the neigh- 
borhood of the fourth surface R4. Further, a second image is formed in the space between the first optical element B1 

25 and the second optical element B2. 

The light beam then enters the second optical element B2. In the interior of the second optical element B2, the light 
beam is refracted by the surfaces R10 through R19 and then exits therefrom. At this time, the principal ray of the light 
beam is focused behind the nineteenth surface R19 to form a pupil. 

Next, the light beam that has exited from the second optical element B2 enters the third optical element B3. In the 

so interior of the third optical element B3, the light beam is refracted by the surfaces R20 through R28, and exits therefrom, 
reaching the twenty ninth surface or plane R29 on which the final image is formed. 

Next, the operation of varying the image magnification is described. The first optical element B1 remains stationary 
during zooming. The second optical element B2 first moves to the minus direction in the Z axis as zooming goes from 
the wide-angle end toward the telephoto end, and then to the plus direction in the 2 axis. The third optical element B3 

35 simultaneously moves to the minus direction in the Z axis. The image plane or the twenty ninth surface R29 does not 
move during zooming. 

By zooming from the wide-angle end to the telephoto end, the separation between the first optical element B1 and 
the second optical element B2 first narrows and then widens, the separation between the second optical element B2 
and the third optical element B3 narrows, and the separation between the third optical element B3 and the image plane 
40 R29 widens. Also, the length of the optical path of the entire system from the first surface R1 to the image plane R29 is 
kept constant throughout the entire zooming range. 

In the present embodiment, the entering and exiting reference axes of the first optical element B1 are parallel with 
each other and oriented to the same direction. The second optical element B2 and the third optical element B3 which 
perform the function of varying the image magnification have their reference axes in coincidence with the optical axes 
45 thereof, which are common with each other. The entering and exiting reference axes of each of the second and third 
optical elements B2 and B3 are oriented to the same direction. 

The lateral aberrations of the zoom optical system of the present embodiment are shown in the graphs of Figs. 1 1 , 
12 and 13. 

For the focusing purposes, the stop R1 and the first optical element B1 are moved in unison to the Z axis to suit to 
so different object distances. 

An advantage of the present embodiment arises from the facts that the stop R1 is disposed on the object side of 
the zoom optical system and that two images of an object are formed in the interior of the first optical element B1 and 
behind the first optical element B1 . By this arrangement, the effective diameter of each of the surfaces of thef irst optical 
element B1 is shortened. This leads to minimize the dimension in the X axis. The optical element of compact form is 
55 thus obtained. 

Another advantage arises from the fact that the first optical element B1 is provided with a plurality of inner reflecting 
surfaces which are given proper refractive powers and arranged in decentered relation. This allows the optical path to 
be bent to a desired shape without having to mutilate the light beam in passing through the zoom optical system. The 
total length in the Z direction is thus shortened. 
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Yet another advantage arising from the fact that the first optical element B1 has its reflecting surfaces formed on a 
ngid transparent body is that the reflecting surfaces can be positioned in a uniform tolerance (assembling tolerance) 
which greatly affects the optical performance. The optical system thus little suffers any loss of positioning accuracy with 

Further, the zoom optical system is made up by employing two different types of optical elements in good combi- 
nation one of wh,ch has a plurality of reflecting surfaces formed in unison and the other of which is constructed with the 
Su^nnf ^J? 0 *™ 1 ^™ 1 ^™<*)- ^ compared with the case where the zoom optical system is con- 
structed only with the reflertmg surfaces arranged in decentered relation, the produced amount of decentering aberra- 
tions s more suppressed by having the coaxial optical element made to share the refractive power. The use of the 
Ss ^ C ° mp0Sed ° f 003x131 refractin 9 sP^rical surfaces facilitates the easiness of correcting all aber- 

Furthermore, such an optical element of coaxial refracting spherical surfaces is easy to manufacture 
Although the foregoing embodiments have been described in connection with the optical element of reflecting sur- 
faces on the one block which ,s fixed and the coaxial parts which move to effect zooming, variations may be made by 
fixing the coaxal parts and moving the optical element of reflecting surfaces on the one block to effect zooming An 
example of such a variation is described below. «n 

(Embodiment 4) 
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Fig. 14 shows sectional v l6 ws in the YZ plane of an embodiment 4 of the zoom optical system according to the 
invention. This embodiment is applied to the optical system for use in picking up an image and provides a 3-component 
zoom lens whose range is about 3. The numerical data for this lens are shown below. 
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Image Size in mm: (H x V) = 4.8 x 3.6 
Optics Size at W: (XxYxZ) = 13.6 x 95.6 x 36.9 
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R 1 + up to R1 1 :Zi(M) = 2i(W) 

Zi(T) = 2i(W) 
R12 + up to R18: Zi(M) = 2j(W) + 2.48 
w Zi(7)=2i(W) + 5.14 

R19 + up to R25: Zi(M) = Zi(W) + 2.74 

Zi(T) = Zi(W) + 11.32 
R26: Zi(M) = Zi(W) 

Zi(T) = Zi(W) 

20 

Shape of Spherical Surface: 
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30 



R 1 Surface: 
R 2 Surface: 
R 4 Surface: 
R10 Surface: 
R11 Surface: 
R12 Surface: 
R1 8 Surface: 
R19 Surface: 
R25 Surface: 



R 1 =oo 

R 2 = 10.000 
R 4 = 10.000 
R 10 = -3.796 
R n = 113.237 
R 12 = 96.928 
R 18 = 10.281 
R 19 = -68.222 
R 25 =~ 



Shape of Aspheric Surface: 



35 R 5: 



40 R6: 



45 R 7: 



so R 8: 



55 R 9: 



a = °° b = °° 
C 02 =-2.77957e-02 
C 03 = 2.17709e-04 
C 04 = 4.81535e-05 

a s= 00 b = 00 
C 02 =-2 07844e-03 
C 03 =-1.20110e-03 
C 04 =-1.45746e-04 

a = 00 b = 00 
C 02 =-2.65330e-02 
C 03 =2.37808e-06 
C 04 =-1.21344e-05 

a = 00 b = 00 
C 02 =-5.49968e-03 
C 03 = 1.23568e-03 
C 04 =-5.38006e-05 

a = 00 b = 00 
C 02 =-1 .86844e-02 
C 03 = 4.19348e-04 
C 04 =-6.12034e-05 



t = 0. 

C 20 =-3.61721e-02 
C 21 =8.17518e-04 
C 22 =-2.24283e-04 

t = 0. 

C 20 =-3.13275e-02 
C 21 =-7.31324e-03 
C 22 =-9.98634e-04 

t = 0. 

C 20 =-4.37591e-02 
C 21 =-9.02645e-06 
C 22 =-8.82376e-05 

t=0. 

C 20 =-5.00091e-02 
C 21 =6.67246e-03 
C 22 =-3.35556e-04 

t=0. 

C 20 =-3.77602e-02 
C 21 =6.72125e-04 
C 22 = 3.47535e-05 



C 40 =-5.50769e-05 



C 40 =-2.62001e-04 



C 40 *-9.77118e-05 



C 40 =-3.23857e-04 



(^=-5.096196-05 
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In Fig. 14, a first optical element B1 is in the form of a refractive lens with a first surface R1 and a second surface 
R2. A third surface R1 is a stop. A second optical element B2 is constructed with a fourth surface R4 (refracting 
entrance surface), five curved inner reflecting surfaces R5 through R9 and a tenth surface R10 (refracting exit surface) 
arranged on one block. A third optical element B3 is in the form of a refractive lens with a lO'-th surface R10' and an 
eleventh surface R1 1 . Incidentally, the second and third optical elements B2 and B3 are cemented together at their 
adjoining surfaces R10 and R10'. 

A fourth optical element B4 is constructed with a twelfth surface R12 (refracting entrance surface), five curved inner 
reflecting surfaces R13 through R17 and an eighteenth surface R18 (refracting exit surface) arranged on one block. A 
fifth optical element B5 is constructed with a nineteenth surface R19 (refracting entrance surface), five curved inner 
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reflecting surfaces R20 through R24 and a twenty fifth surface R25 (refracting exit surface) arranged on one block A 
twenty sixth surface R26 is the image plane coincident with the image receiving surface of an image pickup device such 
cis 9 CCD. 

The present embodiment provides a so-called 3-component zoom lens. The first optical element B1 the stop R3 
5 the second optical element B2 and the third optical element B3 constitute a first lens unit. The fourth optical element B4 
constitutes a second lens unit. The fifth optical element B5 constitutes a third lens unit. Of these, the second and third 
lens units constitute a zoom section and vary their relative positions to vary the focal length 

Next, the function of forming an image with an object at infinity is described. A light beam that has passed through 
the first optical element B1 and the stop R3 successively, enters the second optical element B2. In the interior of the 
10 second optical element B2. the light beam is refracted by the fourth surface R4, then reflected from the fifth surface R5 
the sixth surface R6. the seventh surface R7, the eighth surface R8 and the ninth surface R9 and then refracted by the 
tenth surface R10. The refracted light beam enters the third optical element B3 and is refracted by the eleventh surface 
Rl 1 , exiting from the third optical element B3. During this time, the light beam is focused to form an intermediate image 
in the neighborhood of the sixth surface R6. Further, a second image is formed in the space between the third optical 
15 element B3 and the fourth optical element B4. 

The light beam then enters the fourth optical element B4. In the interior of the fourth optical element B4 the light 
beam ,s refracted by the twelfth surface R1 2, then reflected from the thirteenth surface R1 3. the fourteenth surface Rl 4 
the fifteenth surface R1 5, the sixteenth surface R1 6 and the seventeenth surface R1 7 and then refracted by the eight- 
eenth surface R18. Then, the light beam exits from the fourth optical element B4. During this time, the light beam is 
focused to form an intermediate image in the space between the fourteenth surface R14 and the fifteenth surface R15 
Further, the light beam forms a pupil in the neighborhood of the sixteenth surface R16. 

Then, the light beam enters the fifth optical element B5. In the interior of the fifth optical element B5 the light beam 
is refracted by the nineteenth surface R19, then reflected from the twentieth surface R20, the twenty first surface R21 
the twenty second surface R21. the twenty third surface R23 and the twenty fourth surface R24 and then refracted by 
the twenty fifth surface R25. The light beam thus exits from the fifth optical element B5. During this time, the light beam 
is focused to form an intermediate image in the neighborhood of the twenty first surface R21 . 

Finally, the light beam exiting from the fifth optical element B5 arrives at the twenty sixth surface or plane R26 on 
which the final image is formed. 

Next, the operation of varying the image magnification is described. The first unit composed of the first optical ele- 
ment B1 , the second optical element B2 and the third optical element B3 remains stationary during zooming The fourth 
optocal element B4 moves to the plus direction in the Z axis as zooming goes from the wide-angle end to the telephoto 
encL Thefifth optical element B5 simultaneously moves to the plus direction in the 2 axis. The image plane or the twenty 
sixth surface R26 does not move during zooming. 

During zooming from the wide-angle end to the telephoto end, the separation between the third optical element B3 
and the fourth optical element B4 narrows, the separation between the fourth optical element B4 and the fifth optical 
element B5 wriens and the separation between the fifth optical element B5 and the image plane R26 widens Also the 
length of the optical path of the entire system from the first surface R1 to the image plane R29 becomes longer as 
zooming goes from the wide-angle end to the telephoto end. 

In the present embodiment, the entering and exiting reference axes of each of the second, fourth and fifth optical 
40 elements B2. B4 and B5 are parallel with each other and oriented to opposite directions. 

The lateral aberrations of the zoom optical system of the present embodiment are shown in the graphs of Figs. 1 5. 

For the focusing purposes, the first optical element B1 is moved to the Z axis to suit to different object distances 
An advantage of the present embodiment arises from the facts that the stop R3 is disposed adjacent to the 
entrance surface R1 at which a light beam first enters in the zoom optical system and that an image of an object is 
formed in the interior of each of the second, fourth and fifth optical elements B2, B4 and B5. By this arrangement the 
effective diameter of each of the surfaces of these optical elements is shortened. This leads to minimize the dimension 
in the X axis. The optical element of compact form is thus obtained. 

Another advantage arises from the fact that the second, fourth and fifth optical elements B2, B4 and B5 each are 
provided with a plurality of inner reflecting surfaces which are given proper refractive powers and arranged in decen- 
tered relation. This allows the light beam inside the zoom optical system to be folded to a desired shape without causing 
the light beam to be blocked off in any part. The total length in the Z direction is thus shortened 

Yet another advantage arising from the fact that the second, fourth and fifth optical elements B2 B4 and B5 each 
have its reflecting surfaces formed on a rigid transparent body is that the reflecting surfaces can be positioned in a uni- 
form tolerance (assembling tolerance) which greatly affects the optical performance. The optical system thus little suf- 
fers any loss of positioning accuracy with aging. 

Furttnermore, the zoom optical system has its first optical element B1 constructed with coaxial refracting surfaces 
(in the form of a coaxial optical element). Therefore, the focusing mechanism becomes simpler in structure 

Another feature of the invention is that the entering reference axis of the first optical element B1 which does not 
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move during Zooming as in the above embodiments 1 to 4 may be inclined by a certain angle with respect to that plane 
which has so far contained all of the reference axes, that is, the YZ plane. By this arrangement, the degree of freedom 
for the form of cameras can be increased. 

Fig. 18 is a perspective view of a zoom optical system with the entering reference axis oriented to parallelism with 

5 the X axis. This optical system is derived from the first embodiment 1 by providing the space between the second sur- 
face R2 and the third surface R3 with an inner reflecting mirror R1.2 of flat shape inclined 45° to the YZ plane. The 
entering reference axis of the first optical element B1 is thus set up in parallel to the X axis. 

In Fig. 18, a first optical element B1 remains stationary during zooming, so corresponding to the first unit of the 3- 
unit zoom optical system. It is to be noted that the first optical element B1 is shown by its reflecting surfaces along in 

10 perspective view. A second optical element B2 and a third optical element B3 move in differential relation to vary the 
focal length, so constituting a zoom section. The second optical element B2 corresponds to the so-called variator and 
the third optical element B3 corresponds to the so-called compensator. 

The second and third optical elements B2 and B3 move on one common line (the aligned optical axis of these opti- 
cal elements) in the YZ plane in Fig. 18. All the reference axes of the second and third optical elements B2 and B3 lie 

is on this line. 

In this optical system, some of the reference axes within the first optical element B1 stationary during zooming, 
namely a reference axis A1 ,2 through a reference axis A1 ,8, must exist in the YZ plane. However, the others, i.e., a ref- 
erence axis AO from the object to the stop and a reference axis A1 ,1 from the stop to the first reflecting surface R1 ,2 
are not necessarily present in the plane of the reference axes (YZ plane). 

20 In other words, the present embodiment employs the reflecting surface R1 ,2 for the purpose of deflecting the direc- 

tion of the reference axis AO entering from the direction of the X axis to the direction of the Z axis. In such a manner, 
the direction of a light beam entering the zoom optical system can be determined freely when the reflecting surface 
R1 ,2 is disposed at an appropriate point in the neighborhood of the entrance surface R2 of the first reflective block and 
inclined by an appropriate angle to the YZ plane in which the later reference axes are contained. This leads to a possi- 

25 bility of increasing the degree of freedom for the design of cameras. 

(Embodiment 5) 

Fig. 19 shows sectional views in the YZ plane of an embodiment 5 of the zoom optical system according to the 
30 invention. This embodiment is applied to the optical system for use in picking up an image and provides a 3-component 
zoom lens whose range is about 2. The numerical data for the embodiment 5 are shown below. 
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R 1 + up to R 7:Zi(M) = Zi(W) + 13.73 
Zi(T) = Zi(W) + 26.18 
so R 8 + up to R1 1 : Zi(M) = Zi(W) + 3.46 
Zi(T) = Zi(W) + 8.20 
R12 + up to R13: Zi(M) = Zi(W) 
Zi(T) = Zi(W) 
R14: Zi(M) = Zi(W) 

55 Zi(T) = Zi(W) 

Shape of Spherical Surface 

R 2 Surface: R 2 = 97.206 
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R 3 Surface 
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R 6 Surface 
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R 7 Surface 
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Shape of Aspheric Surface: 



R4: a= 1.45475e+01 
C 03 = 8.6361 7e-04 
C 04 = 8.1361 1e-05 

15 R5: a=-9.91101e+O1 
C 03 = 8.70976e-05 
C 04 =-1-72354e-04 

R10: a = 4.10898e+02 
so C 03 =-1.57719e-04 
C 04 =-2.54948e-06 

R11: a=-1.26094e+02 
C 03 = 9.65477e-05 
25 C 04 =-5.69335e-06 



b =-5.77853e+00 
C 21 = 1.601 15e-03 
C 22 = 7.31698e-05 

b = 4.27960e+01 
C 21 = 1.68477e-04 
C 22 =-2.22388e-04 

b=-2.06186e+01 
C 21 =-4.64176e-04 
C 22 = 1.89777e-05 

b = 2.55428e+01 
C 21 =6.18718e-05 
C 22 = 2.19389e-05 



t=-2.42608e+01 

C4Q=-1 .34827e-04 
t=-1.14636e+01 

C4o=-1.98849e-04 
t = 4.55596e+01 

C4o=-8.72541e-07 
t = 4.44452e+01 

C4Q= 8.07381 e-06 



In Fig. 19, the first surface R1 is a stop that is the entrance pupil. A first optical element B1 is a refractive lens 
formed with a second surface R2 and a third surface R3. A second optical element B2 is formed with a reflecting fourth 
surface R4 and a reflecting fifth surface R5 each as a surface mirror in unison on one member. A third optical element 

30 B3 is a refractive lens formed with a sixth surface R6 and a seventh surface R7. A fourth optical element B4 is a refrac- 
tive lens formed with an eighth surface R8 and a ninth surface R9. A fifth optical element B5 is formed with a reflecting 
tenth surface R10 and a reflecting eleventh surface R1 1 each as a surface mirror in unison on one member. A sixth opti- 
cal element B6 is a refractive lens formed with a twelfth surface R12 and a thirteenth surface R13. A fourteenth surface 
R14 is the image plane coincident at the image receiving surface of an image pickup device such as a CCD. 

35 The first to third optical elements B1 , B2 and B3 constitute a first lens unit. The fourth and fifth optical elements B4 
and B5 constitute a second lens unit. The sixth optical element B6 constitutes a third lens unit. Of these, the first and 
second lens units constitute a zoom section and vary their relative positions to vary the focal length. 

Next, the function of forming an image with an object at infinity is described. A light beam that has passed through 
the stop Rl and the first optical element B1 successively, enters the second optical element B2. In the interior of the 

40 second optical element B2, the light beam is reflected from the fourth surface R4 and the fifth surface R5 and exits from 
the second optical element B2. During this time, the light beam forms an intermediate image in the neighborhood of the 
fifth surface R5. Then, the light beam passes through the third optical element B3. 

The light beam then passes through the fourth optical element B4 and enters the fifth optical element B5. In the 
interior of the fifth optical element B5, the light beam is reflected from the tenth surface R10 and the eleventh surface 

45 R1 1 and then exits from the fifth optical element B5. During this time, the light beam forms a pupil in the space between 
the tenth surface R10 and the eleventh surface Rl 1. 

Then, the light beam passes through the sixth optical element B6 and forms a final image on the fourteenth surface 
R14. 

Next, the operation of varying the image magnification is described. During zooming from the wide-angle end to the 
so telephoto end, the first lens unit (the first to third optical elements B1 , B2 and B3) moves to the plus direction in the Z 
axis. The second lens unit (the fourth and fifth optical elements B4 and B5), too, simultaneously moves to the plus direc- 
tion in the Z axis. The sixth optical element B6 and the fourteenth surface R14 that is the image plane do not move dur- 
ing zooming. 

By zooming from the wide-angle end to the telephoto end, the separation between the third optical element B3 and 
55 the fourth optical element B4 narrows and the separation between the fifth optical element B5 and the sixth optical ele- 
ment B6 widens. The separation between the sixth optical element B6 and the image plane R14 does not vary. Also, 
the length of the optical path of the entire system from the first surface R1 to the image plane R14 varies, becoming 
ever shorter as zooming goes from the wide-angle end to the telephoto end. 

In the present embodiment, the entering and exiting reference axes of the second optical element B2 are parallel 
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with each other and oriented to the same direction. The entering and exiting reference axes of the fifth optical element 
B5 are parallel with each other and oriented to opposite directions. 

The lateral aberrations of the zoom optical system of the present embodiment are shown in the graphs of Figs. 20, 
21 and 22. 

For the focusing purposes, either the second lens unit (the fourth and fifth optical elements B4 and B5) or the third 
lens unit (the sixth optical element B6) moves to suit to different object distances. 

An advantage of the present embodiment arises from the facts that the stop R1 is disposed on the object side of 
the zoom optical system and that an object image is formed in the interior of the second optical element B2 By this 
arrangement, the effective diameter of each of the surfaces of the second optical element B2 and those that follow is 
shortened. This leads to minimize the dimension in the X axis. The optical elements of compact form are thus obtained 

Another advantage arises from the fact that the second and fifth optical elements B2 and B5 each are provided with 
a plurality of reflecting surfaces which are given proper refractive powers and arranged in decentered relation This 
allows the light beam inside the zoom optical system to be folded to a desired shape without causing the light beam to 
be blocked off in any part. The total length in the Z direction is thus shortened. 

Yet another advantage arising from the fact that the second and fifth optical elements B2 and B5 each have its two 
surface mirrors formed in unison on one member is that the reflecting surfaces can be positioned in a uniform tolerance 
(assembling tolerance) which greatly affects the optical performance. The optical system thus little suffers any loss of 
positioning accuracy with aging. 

Further, the zoom optical system of the present embodiment is made up by employing a number of optical elements 
of two types in good combination, one of which has a plurality of reflecting surfaces formed in unison and the other of 
which is constructed with the coaxial refracting surfaces (coaxial optical element). As compared with the case where 
the zoom optical system is constructed only with the reflecting surfaces arranged in decentered relation, therefore the 
produced amount of decentering aberrations is more suppressed by having the coaxial optical element made to share 
the refractive power. The use of the optical element which is composed of coaxial refracting spherical surfaces facili- 
tates the easiness of correcting all aberrations. 

Furthermore, such an optical element of coaxial refracting spherical surfaces is easy to manufacture 

It is to be noted that, since, in the present embodiment, the sixth optical element B6 is a refractive lens, the direction 
of the exiting reference axis from the sixth optical element B6 is the same as the direction of the entering reference axis 
to the sixth optical element B6. However, it is to be understood that the direction and angle of the exiting reference axis 
are not confined as such. For example, the space between the sixth optical element B6 and the image plane R14 may 
be provided with an additional mirror inclined 45° to the YZ plane so that the exiting reference axis is bent to the per- 
pendicular direction (parallel to the X axis) to the paper. 

Also, for the entering reference axis to the optical system, a mirror, for example, may be disposed on the object side 

° I ?? T v 1 an v d '"f nSd 45 ° t0 the VZ t**™ 50 that the referen ce axis enters from the perpendicular direction (par- 
a lei to the X axis) to the paper. The use of such a mirror can even more increase the degree of freedom for the design 
ot cameras. w ' 

Of the above-described embodiments, the embodiments 1 to 4 each provide a zoom optical system comprising a 
plurality of optical elements including an optical element having two refracting surfaces and a plurality of reflecting sur- 
faces formed in a transparent body, being arranged such that a light beam enters an inside of the transparent body from 
one of the two refracting surfaces and, after being successively reflected from the plurality of reflecting surfaces exits 
from the other of the two refracting surfaces, and an optical element composed of a plurality of coaxial refracting sur- 
faces, wherein an .mage of an object is formed through the plurality of optical elements, and zooming is effected by var- 
ying relative positions of at least two optical elements of the plurality of optical elements. The embodiment 5 provides a 
zoom optical system comprising a plurality of optical elements including an optical element having a plurality of surface 
m,rrors integrally formed and decentered relative to one another, being arranged such that an incident light beam exits 
therefrom after being successively reflected from reflecting surfaces of the plurality of surface mirrors, and an optical 
element composed of a plurality of coaxial refracting surfaces, wherein an image of an object is formed through the plu- 
rality of optical elements, and zooming is effected by varying relative positions of at least two optical elements of the 
plurality of optical elements. 

Besides these, according to the invention, the fourth optical element B4 and/or the fifth optical element B5 in the 
embodiment 4 may be otheiwise constructed with a plurality of surface mirrors decentered from one another and made 
up in unison, such that the entering light beam repeats reflection from the successive surface mirrors, before it exits In 
this case, there is produced an advantage of reducing the weight of the zoom optical system 

Also, in the invention, for the optical element which contributes to a variation of the focal length, the direction of 
zooming movement is not necessarily parallel to the direction of the entering reference axis to the zoom optical system 
Depending on the situation of the design of the image pickup apparatus, the direction of zooming movement of the opti- 
cal element may be changed to an angle of. for example, 30°. 45° or 60° with respect to the entering reference axis to 
the zoom optical system by inclining the exiting reference axis of the first optical element. 

Next, another form of the zoom optical system will be described below. 
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When defining, as a reference axis ray, a ray of light which comes from an object, enters the zoom optical system, 
- passes the center of a stop and reaches the center of a final image plane, defining, as an entering reference axis of 
each surface, each optical element or each lens unit, the reference axis ray which enters each surface, each optical ele- 
ment or each lens unit of the zoom optical system, defining, as an exiting reference axis of each surface, each optical 
5 element or each lens unit, the reference axis ray which exits from each surface, each optical element or each lens unit 
of the zoom optical system, defining, as a reference point, an intersection point of the entering reference axis and each 
surface, defining, as a direction of the entering reference axis and a direction of the exiting reference axis, directions in 
which the reference axis ray advances from an object side to an image side in the entering reference axis and the exit- 
ing reference axis, respectively, the zoom optical system comprises the stop, at least one off-axial optical element hav- 
w ing an off-axial reflecting surface inclined with respect to the reference axis ray, and at least one coaxial optical element 
composed only of surfaces of revolution symmetry with respect to the reference axis ray, wherein zooming is effected 
by moving the at least one off -axial optical element and the at least one coaxial optical element. 
In particular, the zoom optical system has the following features. 
The off-axial optical element is an optical element having two refracting surfaces and one or more off-axial 
is reflecting surfaces integrally formed in a transparent body. 

The off-axial optical element is disposed immediately before and/or immediately behind the stop along the refer- 
ence axis ray. 

The stop moves in unison with the off-axial optical element which moves during zooming. 
The coaxial optical element is a single lens. 

20 The direction of the reference axis ray passing through the coaxial optical element is orthogonal or inclined to 

the direction of the reference axis ray passing through the stop. 

Further, when defining, as a reference axis ray, a ray of light which comes from an object, enters the zoom optical 
system, passes the center of a stop and reaches the center of a final image plane, defining, as an entering reference 
axis of each surface, each optical element or each lens unit, the reference axis ray which enters each surface, each 

25 optical element or each lens unit of the zoom optical system, defining, as an exiting reference axis of each surface, each 
optical element or each lens unit, the reference axis ray which exits from each surface, each optical element or each 
lens unit of the zoom optical system, defining, as a reference point, an intersection point of the entering reference axis 
and each surface, defining, as a direction of the entering reference axis and a direction of the exiting reference axis, 
directions in which the reference axis ray advances from an object side to an image side in the entering reference axis 

30 and the exiting reference axis, respectively, the zoom optical system comprises, in order from an object side along the 
reference axis ray, a first off-axial optical element, the stop, a second off-axial optical element and a coaxial optical ele- 
ment, wherein zooming is effected by moving at least one of the first and second off-axis optical element and the coaxial 
optical element. 

In particular, the zoom optical system has the following features. 
35 Each of the first and second off-axial optical elements is an optical element having two refracting surfaces and 

two off-axial reflecting surfaces integrally formed in a transparent body. 

The direction of the entering reference axis and the direction of the exiting reference axis of each of the first and 
second off-axial optical elements are parallel to each other. 

The first off-axial optical element, the stop and the second off -axial optical element move in unison during zoom- 

40 ing. 

The first off-axial optical element, the second off-axial optical element and the coaxial optical element move inde- 
pendent of each other during zooming. 

The direction of the entering reference axis and the direction of the exiting reference axis of each of the first and 
second off-axial optical elements are orthogonal to each other, and the first off-axial optical element, the stop and the 
45 second off-axial optical element move in unison during zooming. 
The coaxial optical element is a negative lens. 
Fig. 29 is a diagram of the basic design of an embodiment 6 of the zoom optical system according to the invention. 
A reference axis ray 12 passes at the center of the aperture opening of a stop 1 1 and arrives at the center of a final 
image plane 16. Optical elements 13 and 14 each have a reflecting surface (not shown) inclined to the reference axis 
so ray 12. (The inclined reflecting surface to the entering reference axis is hereinafter called the "off-axial" reflecting sur- 
face. Also, the optical element having the off-axial reflecting surface is hereinafter called the "off-axial" optical element.) 
The first off-axial optical element 13 and the second off-axial optical element 14 are arranged along the reference axis 
ray 12 in this order from the object side. 

A third optical element of revolution symmetry with respect to the reference axis ray 12 (or coaxial optical element) 
55 is disposed before the final image plane 16. The first off-axial optical element 13. the stop 1 1 and the second off-axial 
optical element 14 move in unison as a front lens unit 17, during zooming. The third optical element 15 simultaneously 
moves as a rear lens unit. 

Here, the front lens unit 1 7 has a positive refractive power and the rear lens unit 1 5 has a negative refractive power. 
As a whole, they constitute a 2-unit zoom lens of plus-minus power arrangement, wherein the rear lens unit 15 bears 
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the function of varying the image magnification, while the front lens unit 1 7 compensates for the image shift 

The reference axis ray 1 2 passes at the center of aperture opening of the stop 1 1 and is refracted or reflected by 
the successive surfaces, finally arriving at the center of the final image plane 1 6. In the invention, the reference axis ray 
is used as bang equivalent to the optical axis of the coaxial system. Although the reference axis ray has been defined 
5 as encountering the center of aperture opening of the stop and the center of the image plane, the invention is not con- 
fined to such a definrtion. provided that it is representative of the effective light beam of the optical system 

rJS'J^TX *5 TTl ! ° f ! h ? firSt 0ff " aXial ° PtiCa ' 6,ement 13 - FiQ - 31 is a Perspective view of thefirst off-axial 
optical element 13. The first optical element 13 is formed with two refracting surfaces 41 and 44 and two reflecting sur- 
faces 42 and 43 in a transparent body. Incidentally, the reflecting surfaces 42 and 43 are coated by the vacuum evapo- 
10 ration technique or the like to form mirrors. The refracting surface 41 is an entrance surface, and the refracting surface 
4<: is an 6xi t surface. 

In the front lens unit 17 of an embodiment 6 of the invention, such optical elements as the first off-axis optical ele- 
ment 13 are arranged on either side of the stop 1 1 in symmetric relation. By this arrangement, the principal ray of any 
angular field is guided symmetrically in respect to the stop 1 1 at every station in the entire zooming range, thus produc- 
ing an effect of canceling the decentering distortions by each other. This would be hardly obtained if the front lens unit 
1 7 is constructed with one off-axial optical element. The use of the unified form of a number of surfaces like the first or 
second optical element 1 3 or 1 4 assures a higher positioning accuracy than when the individual surfaces are set up one 
after another, thus obviating the necessity of adjusting the positions and the inclinations. Also, there is no need to use 
a member for supporting the reflecting surfaces. Therefore, the number of parts is reduced 

Another advantage arises from the main contribution of the reflecting surfaces to the required refractive power for 
the optical element. Th.s allows the refracting surfaces to have a greater degree of freedom. So, despite the desired 
refractive power being held, it becomes possible to suppress the produced amount of chromatic aberrations 

The present embodiment employs such optical elements in the zoom optical system with an advantage of obviating 
the necessity of using a positive lens and a negative lens in one unit for the purpose of correcting chromatic aberrations 
ss bo, the zoom optical system can be constructed with a smaller number of optical parts 

In the present embodiment, the off-axial optical element and the coaxial optical element which is constructed only 
with surfaces of revolution symmetry are used in combination. This leads to achieve a zoom optical system having a 

n?f ! S H 1 6r °/- Pa ^' Th3t iS ' C3Se ° f Fi9 - **' off ■ axial °P tical elements are sufficient for the front lens 
unit and ttie one negative lens ,s sufficient for the rear lens unit. Thus, three parts constitute the zoom optical system 

tw K^' S 3 .' a j£ am ? 153510 deSi9 " 0f an embodiment 7 °f the Zoom optical system according to the invention 
This embodiment differs from the embodiment 6 in the construction of the front lens unit. In Fig. 32, a first optical ele- 
ment 21 and a second optical element 22 corresponds to the first off-axial optical element 13 and the second off-axial 
optical element 14 of the embodiment 6, respectively. Even in the present embodiment, the first optical element21 the 
stop 11 and the second optical element 22 constitute a front lens unit 24 of a 2-unit zoom optical system, and the third 
ss optical element 15 constitutes a rear lens unit. 

The zooming method of the present embodiment is the same as that of the embodiment 6 
|" the Present embodiment, the first optical element 21 and the second optical element 22 each are arranged so 
211 L^f nnfl f^° n °1 th6 reference 3x15 ra y is orthogonal to the exiting direction thereof, thus reducing the size 
of the front lens unit 24 in tiie z direction. Therefore, the total length in this direction becomes shorter than that of the 
embodiment 6. Incidentally, the direction of the reference axis ray passing through the stop 1 1 is orthogonal to the direc- 
tion of the reference axis ray passing through the third optical element 15. 

Further, the basic optical arrangement of the present embodiment is the same as that of the embodiment 6 The 
optical elements 21 and 22 are arranged on either side of the stop 1 1 in symmetric relation to correct decentering dis- 
tortion in particular. The other effects are the same as in the embodiment 6. 

n. RQ k 33 J S 3 dia9ram ° f the baSiC d6Si9n ° f an embodim ent 8 of the zoom optical system according to the invention 
This embodiment resembles in construction with the embodiment 6, but differs from the embodiment 6 in a point that 
the frontier* unit shown in Fig. 29 is divided into two parts with the result that the entire system comprises three units 
These three units move in differential relation during zooming. That is, the first optical element 13 is used as a first lens 
unit, the stop 1 1 and to second optical element 14 as a second lens unit and the third optical element (coaxial optical 
element) 15 as a hird lens unit. This produces an advantage of reducing the range of variation of decentering aberra- 
tions of the optical elements 13 and 14 during zooming. 

Even in the present embodiment, the off-axial optical element and the coaxial optical element of only the surfaces 
of revolution symmetry are used in combination, thereby producing an advantage of achieving a zoom optical system 

55 SSAS: I ° f PartS - MSe ° f Ra 33 ' ^ ° ff - axial elements and °" e negative lens, tnat i" 

55 three parts, are sufficient for constructing a 3-unit zoom optical system. 

.c J ♦! m f h0d ° f expressinQ the desj 9 n Parameters for the following numerical examples is fundamentally the same 
as that for the numerical examples of the embodiments 1 to 5, but different points are mentioned below 
nVHHi* v 65 ° f * h f u coor ; dlnate of everv surfa <* are expressed in relation of the values for the wide-angle end. For the 
middle position and the telephoto end, the values are expressed by the differences from those of the wide-angle end 
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Specifically, denoting the moved amounts from the wide-angle end (W) to the middle position (M) and the telephoto end 
- (T) by "a" and "b", respectively, the following equations are obtained: 

Zi(M) = 2i(W) + a 

5 

Zi(T) = Zi(W) + b, 

where the sign of the "a" or "b" is positive when the surface moves to the plus direction, or negative when it moves to 
the minus direction. The ones of the separations Di which vary with this movement are variable. So, their values for each 
io zooming station are listed together in another tabulation. 

Di is a scaler quantity representing the separation between the original points of the local coordinates for the i-th 
and (i+1)st surfaces. Ndi and vdi are respectively the refractive index and Abbe number of the medium between the i- 
th and (i+l)st surfaces. Incidentally, the stop and the final image plane, too, are shown each as one plane. 

The embodiments of the invention have spherical surfaces and aspheric surfaces of revolution asymmetry. Of 
is these, the spherical ones are taken as sphere and described by the radii of curvature Ri with plus sign when the center 
of curvature falls on the plus side of the z axis of the local coordinates, or minus sign when it falls on the minus side. 
Here, the shape of the spherical surface is expressed by the following equation: 



20 2 = 



(x 2 + y 2 )/Ri 



1 + */l -(x 2 + y 2 )/Ri 2 



25 



The optical system of the invention includes at least one aspheric surface of revolution asymmetry, and its shape 
is expressed by the following equation: 

z = MB + C 02 y 2 + C^xy + C 20 x 2 + C 03 y 3 + C 12 xy 2 + C 21 x 2 y + C 30 x 3 



+ C 04 y 4 + C 13 xy 3 + C 22 x 2 y 2 + C 31 x 3 y + C 40 x 4 
30 + C 05 y 5 + C 14 xy 4 + C 23 x 2 y 3 + C 32 x 3 y 2 + C 41 x 4 y + C 50 x 5 



where 
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45 



+ C 06 y 6 + C 15 xy 5 + C 24 x 2 y 4 + C 33 x 3 y 3 + C 42 x 4 y 2 + C 51 x 5 y +C 60 x 6 



A = (a + b)(y 2 -cos 2 t + x 2 ) 



B = 2a-b-cos t[l + { (b-a) -ysin t/ (2a-b) ) 

+ Cl + { (b-a)-ysin t/(a-b)} - {y 2 /(a-b)} 

- {4a-b-cos 2 t + (a+b) 2 -sin 2 t }x 2 / (4a 2 b 2 -cos 2 t) 3 uz ] . 



In the surface formula described above, "A/B" shows the shape of the surface of the second order. So, this formula 
expresses the shape of the aspheric surface of revolution asymmetry based on the surface of the second order. In the 
so embodiments of the invention, however, 

A/B = 0 is set, 

in the surface formula described above. This implies that the surface is of revolution asymmetry based on the plane. 
55 Specifically, regardless of the value of T. the following condition is obtained: 

a = b = 00 

Further, all the surfaces of revolution asymmetry in the invention are formed to the shapes of plane symmetry with 
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respect to the yz plane by using only the terms of even-numbered order in respect of "x" in the equation described 
above and putting "0" to the terms of odd-numbered order. Every surface of revolution asymmetry in the invention sat- 
isfies the following condition: 

C 1 1 "C , 2 =C 3o=C 13 =C 3 , =C 14 =C 32 =C 50 =C 15 =C 33 =C 51 = 0 

D ,.^ ^ ' i ' horiz o n .tal semifield u Y " means a half of the maximum angular field the system covers at the first surface 
R1 in the YZ plane in F.g. 5. The term "vertical semifield u x " means a half of the maximum angular field the system cov- 
ers at the first surface R1 in the XZ plane. ' 

Also, the diameter of the stop is shown as the aperture diameter. This regulates the brightness of the optical sys- 
tem. Also, the effective area of the image plane is shown as the image size. The image area is of the rectangular shape 
with the horizontal sides in the y direction of the local coordinates, and the vertical sides in the x direction 

Also, for the numerical example of each of the embodiments, its lateral aberrations are graphically represented in 
the wide-angle end (W), the middle position (M) and the telephoto end (T). as rays of light are incident on the stop R1 
at respective horizontal and vertical angles of (u Y . u x ), (0. u x ), (-u Y , Ux ), (u Y . 0), (0,0) and (-u ¥ 0). In the graphs of the 
lateral aberrations, the abscissa is in the height of incidence on the pupil and the ordinate is in the produced amount of 
aberration. In any of the embodiments, every surface is basically formed to symmetric shapes with respect to the yz 
plane. Even ,n the graphs of the lateral aberrations, therefore, the plus and minus directions of the vertical angular field 
become the same. So, the graphs of the lateral aberrations of the minus direction are omitted for the purpose of simpli- 
20 fying the drawings. w 

Numerical examples of embodiments 6 to 8 are shown below. 
(Embodiment 6) 
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This numerical example of the embodiment 6 provides a zoom optical system whose range is about 1 9 Rgs 34 
35 and 36 are sectional views of the zoom optical system with the optical paths shown in the wide-angle end (W) the 
middle position (M) and the telephoto end (T), respectively. 
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R 1 + up to R 9: 
R10 + up to R11: 



R12: 



Zi(M) =Zi(W) - 9.76 
Zi(T) =Zi(W) - 39.20 
Zi(M) = Zi(W) - 14.55 
Zi(T) = Zi(W) - 50.00 
Zi(M) = Zi(W) 
Zi(T) = Zi(W) 



Shape of Spherical Surface: 



so 



R 1 Surface: 
R 4 Surface: 
R 6 Surface: 
R 9 Surface: 
R10 Surface: 



R 1 = -70.000 
R4 « 00 

R 6 = oo 

R 9 = -30.024 
R 10 = -34.943 



R11 Surface: Rn = 262.245 



55 Shape of Aspheric Surface: 



R2: C 02 = 1.17370e-02 
C 03 =-8.20960e-05 
C 04 = 4.42532e-06 



C 20 = 6.60704e-03 
C 2 i=3.17239e-05 
C 22 = 1.70696e-05 



C 40 = 8.12432e-06 
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C 03 =-2.78436e-05 
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C 41 =5.28528e-08 
C 42 = 6.05424e-08 



C4Q= 3.6231 2e-06 
C 41 =-1.93993e-08 
C 42 = 1.86232e-09 



^40= 8.04608e-06 
C 41 =-1.36560e-07 
C 42 =-4.18606e-09 



040= 3.173216-06 
C 41 = 1.52834e-08 
C 42 =-1.57102e-08 



The constituent parts of the present embodiment are described in the order from the object side. A first optical ele- 
l 00 "^* 1 With 8 firSt SUrfaCe R1 ( re,rac «"9 entrance surface of concave form), a second surface R3 and 
!,UL r i S ^ Ce ^ "?* ^ in CUrVed form ° f inner reflection and ^centered, and a fourth surface R4 (refracting exit 

ni!inftS? P a P 0Pj' ca ' element B2 is constructed with a sixth surface R6 (refracting entrance surface of 

plain form) a seventh surface R7 and an eighth surface R8 which are in curved form of inner reflection and decentered 
™ 1 « "I? 06 R L (re,ractin S surface °f convex form) in one transparent body. The eighth surface R8 acts as 
a convex reflecting surface. A third optical element B3 is in the form of a negative lens with a tenth surface R10 and an 
eleventh surface R1 1 coaxial to each other. A twelfth surface R12 is the final image plane coincident with the image 
receiving surface of an image pickup device such as a CCD. mine image 

The first optical element B1 , the stop R5 and the second optical element B2 have a positive overall refractive power 
and move in , unison, constituting a first lens unit (front lens unit). The third optical element B3 has a negative refractive 
power, constituting a second lens unit (rear lens unit) which moves during zooming 

Next the image forming function is described on the assumption that an object is at infinity. A light beam coming 

the foui, JuSS rT * SU,1aCe R2 th "' d SUrfaCe R3 successivel * and the n refracted in exiting from 

B2 ^!r^?. ea hTK after haV ^ 9 P8 !! Sed thr ° U9h thS stop ° r the f ifth surface R5 - then enters second optical element 
B2 _ where i the light beam .s refracted at the sixth surface R6. then reflected from the seventh surface R7 and the eighth 
surface R8 successively, and then refracted at the ninth surface R9, exiting from the second optical element B2 

. I he l « ht beam * en l nters * e third element B3. where the light beam is refracted at the tenth surface R10 

and the eleventh surface R1 1 and exits from the third optical element B3 

I^k 9 ?!^? m i tha * has £Bdted from »» tnird optical element B3 finally forms an image on the twelfth surface R12 

e i om !n?„ U^T ♦ SeC ° nd < 0f, ' axial OP * iCal elSments B1 and B2 of *• P resen1 embodiments is an off-axial optical 
element in which the entering reference axis and the exiting reference axis are oriented to the same direction 

Next the function of varying the image magnification by moving the lens units is described. The present embodi- 

wid« inn,!"^ ! °T a f T °k ^'Tl* arran 9 ement in this ° rder from the object side. During zooming from the 
wide-angle end to the telephoto end, the front lens unit and the rear lens unit both move to the minus direction in the Z 
axis, while narrowing the separation therebetween. 

mi H,T 9S 3 3" 3 ^« nd !? ate 9raphS ° f the lateral aberr ations of such an optical system in the wide-angle end (W) a 

th f/ e,9Ph w n ^ m - Th8Se 9raphS are depiCted with re9ard t0 six ri " s of W -** e" e?the 
S 22 f angles of (u Y u x ), (0. u x ). (-u Y . u x ), (u ¥ 0). (0.0) and (-u y . 0) with the Y axis and the X axis. Incidentally, 
the abscissa of each graph is in the height of incidence of the entering ray on the stop R5 in the Y and X directions 
03,1 De seen ,rom the 9 ra P hs ' tne aberrations are corrected in good balance in each of the zooming positions 
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Incidentally, it is premised in the present embodiment that the image size is 36 mm x 24 mm. 
(Embodiment 7) 

5 The numerical example of the embodiment 7 provides a zoom optical system whose range is about 1.9. Figs. 40, 

41 and 42 are sectional views of the zoom optical system with the optical paths shown in the wide-angle end (W), a 
middle position (M) and the telephoto end (T), respectively. 
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55 

R 1 + up to R 9: Zi(M) = Zi(W) - 10.01 
Zi(T) = Zi(W) - 39.88 

R10 + up to R11: Zi(M) = Zi(W) - 14.51 
Zi(T) = Zi(W) - 50.00 
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R12: 



Zi(M) = Zi(W) 
Zi(T) = Zi(W) 



Shape of Spherical Surface: 



10 



R 1 Surface: 
R 4 Surface: 
R 6 Surface: 
R 9 Surface: 
R10 Surface: 
R11 Surface: 



Ri = -60.000 
R4 = 00 

Re = 00 
R 9 = -35.226 
R 10 = -42.989 
Rn =94.318 





Shape of Aspheric Surface 
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C 03 = 1.12454e-05 
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C 60 =-1.94830e-09 
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C4o=-2.71165e-07 
C 41 =-1.48849e-08 
C 42 =-7.46787e-09 



C4o=-3.32310e-07 
C 41 =2.53765e-08 
C 42 =-1.04366e-08 



C 40 = 8.68966e-07 
C 41 =-1.05985e-08 
C 42 =-3.41218e-10 



040= 1.78974e-07 
C 41 =7.87360e-10 
C 42 =-4.44809e-09 



The constituent parts of the present embodiment are described successively in the order from the object side A 
first optical element B1 is constructed with a first surface R1 (refracting entrance surface of concave form), a second 
surface R3 and a third surface R3 which are in curved form of inner reflection and decentered, and a fourth surface R4 
(refracting exit surface of plain form) in one transparent body. The second surface R2 acts as a convex reflecting sur- 
face. A fifth surface R5 is a stop plane. A second optical element B2 is constructed with a sixth surface R6 (refracting 
entrance surface of plain form), a seventh surface R7 and an eighth surface R8 which are in curved form of inner reflec- 
tion and decentered, and a ninth surface R9 (refracting exit surface of convex form) in one transparent body The eighth 
surface R8 acts as a convex reflecting surface. A third optical element B3 is in the form of a negative lens with a tenth 
surface R10 and an eleventh surface R1 1 coaxial to each other. A twelfth surface R12 is the final image plane coinci- 
dent with the image receiving surface of an image pickup device such as a CCD. 

The first optical element B1 , the stop R5 and the second optical element B2 have a positive overall refractive power 
and move in unison, constituting a first lens unit (front lens unit). The third optical element B3 has a negative refractive 
power, constituting a second lens unit (rear lens unit) which moves during zooming. 

Next, the image forming function is described on the assumption that an object is at infinity. A light beam coming 
from an object first enters the first optical element B1 , and the light beam is refracted in passing through the first surface 
R1. then is reflected from the second surface R2 and the third surface R3 successively and then is refracted at the 
fourth surface R4, exiting from the first optical element B1 . 
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The light beam, after having passed through the stop or the fifth surface R5, then enters the second optical element 
B2, where the light beam is refracted at the sixth surface R6, then is reflected from the seventh surface R7 and the 
eighth surface R8 successively, and then is refracted at the ninth surface R9, exiting from the second optical element 
B2. 

s The light beam then enters the third optical element B3, where the light beam is refracted at the tenth surface R10 

and the eleventh surface R1 1 and exits from the third optical element B3. 

The light beam that has exited from the third optical element B3 finally forms an image on the twelfth surface R12. 
Each of the first and second optical elements B1 and B2 of the present embodiment is an off-axial optical element 
in which the entering reference axis and the exiting reference axis are orthogonal to each other. 
io Next, the function of varying the image magnification by moving the lens units is described. The present embodi- 
ment is a 2-unit zoom lens of plus-minus power arrangement in this order from the object side. During zooming from the 
wide-angle end to the telephoto end, the front lens unit and the rear lens unit both move to the minus direction in the Z 
axis, while narrowing the separation therebetween. 

Figs. 43, 44 and 45 are graphs of the lateral aberrations of such an optical system in the wide-angle end (W), the 
15 middle position (M) and the telephoto end (T), respectively. These aberrations are produced by six rays of light which 
enter the optical system at angles of (u Y , ux), (0, uy), (-uy, u x ), (uy, 0), (0,0) and (-u Y , 0) with the Y axis and the X axis. 
Incidentally, the abscissa of each graph is in the height of incidence of the entering ray on the stop R5 in the Y and X 
directions. 

As can be seen from the graphs, the aberrations are corrected in good balance in each of the zooming positions. 
20 It is premised in the present embodiment that the image size is 36 mm x 24 mm. 

(Embodiment 8) 

A numerical example of the embodiment 8 provides a zoom optical system whose range is about 1 .9. Figs. 46, 47 
25 and 48 are sectional views of the zoom optical system with the optical paths shown in the wide-angle end (W), a middle 
position (M) and the telephoto end (T), respectively. 
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R 1 + up to R 4: 
R 5 + up to R 9: 
R10 + up to R11: 
R12: 



Zi(M) = Zi(W) - 11.70 
Zi(T) = Zi(W)- 39.31 
Zi(M) = Zi(W)- 10.12 
Zi(T) =Zi(W)- 39.14 
Zi(M) = Zi(W) - 15.02 
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Shape of Spherical Surface: 
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Shape of Aspheric Surface: 
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The constituent parts of the present embodiment are described successively in the order from the object side. A 
first optical element B1 is constructed with a first surface R1 (refracting entrance surface of concave form), a second 
surface R3 and a third surface R3 which are in curved form of inner reflection and decentered, and a fourth surface R4 
(refracting exit surface of almost plain form) in one transparent body. The second surface R2 acts as a convex reflecting 

35 surface. A fifth surface R5 is a stop plane. A second optical element B2 is constructed with a sixth surface R6 (refracting 
entrance surface of almost plain form), a seventh surface R7 and an eighth surface R8 which are in curved form of inner 
reflection and decentered, and a ninth surface R9 (refracting exit surface of convex form) in one transparent body. The 
eighth surface R8 acts as a convex reflecting surface. A third optical element B3 is in the form of a negative lens with a 
tenth surface R10 and an eleventh surface R1 1 coaxial to each other. A twelfth surface R12 is the final image plane 

40 coincident with the image receiving surface of an image pickup device such as a CCD. 

The first optical element Bl constitutes a first lens unit. The stop R5 and the second optical element B2 constitute 
a second lens unit. The third optical element B3 constitutes a third lens unit. 

Next, the image forming function is described on the assumption that an object is at infinity. A light beam coming 
from an object enters the first optical element B1 , and the light beam is refracted at the first surface R1 , then is reflected 

45 from the second surface R2 and the third surface R3 successively, and then is refracted at the fourth surface R4, exiting 
from the first optical element B1 . 

The light beam, after having passed through the stop or the fifth surface R5, then enters the second optical element 
B2, where the light beam is refracted at the sixth surface R6, then is reflected from the seventh surface R7 and the 
eighth surface R8 successively, and then is refracted at the ninth surface R9, exiting from the second optical element 

50 B2. 

The light beam then enters the third optical element B3, where the light beam is refracted at the tenth surface R10 
and the eleventh surface R1 1 and exits from the third optical element B3. 

The light beam that has exited from the third optical element B3 finally forms an image on the twelfth surface R12. 

Each of the first and second optical elements B1 and B2 of the present embodiment is an off-axial optical element 
55 in which the entering reference axis and the exiting reference axis are oriented to the same direction. 

Next, the function of varying the image magnification by moving the lens units is described. The present embodi- 
ment is a 2-unit zoom lens of plus-minus power arrangement in this order from the object side. During zooming from the 
wide-angle end to the telephoto end, all of the lens units move to the minus direction in the Z axis. During this time, the 
separation between the first and second lens units once widens and then narrows, and the separation between thesec- 
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ond and third lens units narrows. 

Figs. 49, 50 and 51 are graphs of the lateral aberrations of such an optical system in the wide-angle end (W) the 
rn.ddle posrt.on (M) and the telephoto end (T), respectively. These aberrations are produced by six rays of light which 
enter the optical system at respective angles of (u Y . Ux ). (0. u x ), (-u Y , u x ), (u Y , 0), (0,0) and (-u Y , 0) with the Y axis and 
the X axis. The abscissa of each graph is in the height of incidence of the ray on the stop R5 in the Y and X directions 

As can be seen from the graphs, the aberrations are corrected in good balance in each of the zooming positions 

It is premised in the present embodiment that the image size is 36 mm x 24 mm. 

The foregoing embodiments each have achieved a zoom optical system of which the total number of parts is 
reduced by using the off-axial optical element and the coaxial optical element that is formed only with the surfaces of 
rotation symmetry with respect to the ray of reference axis. 

Another advantage of the invention arising from the fact that Zooming is performed by the off-axial optical element 
and the coaxial optical element that is formed only with the surfaces of rotation symmetry with respect to the ray of ref- 
erence axis is that, despite the folding of the optical path to a desired shape in the interior of the optical system all pri- 
mary and decentering aberrations are corrected well throughout the entire zooming range. In such a manner the zoom 
optical system of a smaller total number of parts and an image pickup apparatus using the same are achieved 

Another advantage arising from the use of the off-axial optical element having a number of reflecting surfaces given 
proper refractive power and arranged in decentered relation is that the optical path in the interior of the zoom optical 
system .s folded to a desired polygon, thus shortening the total length of that zoom optical system in a certain direction 
Yet another advantage arising from the use of the off-axial optical element having formed in one transparent body 
two refracting surfaces of proper refractive powers at the entrance and exit and a number of reflecting surfaces of proper 
refractive powers arranged in decentered relation from the reference axis, is that all primary aberrations and decenter- 
ing aberrations are corrected well throughout the entire zooming range. 

A furthermore advantage arising from the off-axial optical element having two refracting surfaces and a number of 
reflecting curved or plain surfaces formed in unison in one transparent body, is that the entirety of the zoom optical sys- 
tem ,s reduced to a minimum in bulk and size, while still permitting the problem of the severe positioning tolerance 
(setup tolerance) of the reflecting surfaces which has often held in the mirror system 

A zoom optical system comprises a plurality of optical elements. The plurality of optical elements include a first opti- 
cal element having two refracting surfaces and a plurality of reflecting surfaces formed in a transparent body beinq 
arranged such that a light beam enters an inside of the transparent body from one of the two refracting surfaces and 
after being successively reflected from the plurality of reflecting surfaces, exits from the other of the two refracting sur- 
faces, and/or a second optical element having a plurality of surface mirrors integrally formed and decentered relative to 
one another, being arranged such that an incident light beam exits therefrom after being successively reflected from 
reflecting surfaces of the plurality of surface mirrors, and a third optical element composed of a plurality of coaxial 
refracting surfaces. In the zoom optical system, an image of an object is formed through the plurality of optical elements 
and zooming is effected by varying relative positions of at least two optical elements of the plurality of optical elements.' 

Claims 

1. A zoom optical system comprising: 

a plurality of optical elements including: 

a) a first optical element having two refracting surfaces and a plurality of reflecting surfaces formed in a 
transparent body, being arranged such that a light beam enters an inside of the transparent body from one 
of the two refracting surfaces and, after being successively reflected from the plurality of reflecting sur- 
faces, exits from the other of the two refracting surfaces; and/or 

b) a second optical element having a plurality of surface mirrors integrally formed and decentered relative 
to one another, being arranged such that an incident light beam exits therefrom after being successively 
reflected from reflecting surfaces of the plurality of surface mirrors; and 

c) a third optical element composed of a plurality of coaxial refracting surfaces. 

w * erein an im age of an object is formed through said plurality of optical elements, and zooming is 
effected by varymg relative positions of at least two optical elements of said plurality of optical elements. 

A zoom optical system according to claim 1 . wherein a stop is disposed on a light entrance side of said zoom optical 
system, or adjacent to a light entrance surface at which a light beam first enters. 

A zoom optical system according to claim 1 or 2, wherein each of said at least two optical elements of which relative 
positions are varied has an entering reference axis and an exiting reference axis in parallel to each other. 
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4. A zoom optical system according to claim 3, wherein said at least two optical elements of which relative positions 
are varied move in parallel to each other on one movement plane. 

5. A zoom optical system according to claim 3 f wherein each of said at least two optical elements of which relative 
5 positions are varied has an entering reference axis and an exiting reference axis oriented to the same direction. 

6. A zoom optical system according to calim 3, wherein one of said at least two optical elements of which relative posi- 
tions are varied has an entering reference axis and an exiting reference axis oriented to the same direction, and 
another of said at least two optical elements of which relative positions are varied has an entering reference axix 

10 and an exiting reference axis oriented to opposite directions. 

7. A zoom optical system according to claim 3, wherein each of said at least two optical elements of which relative 
positions are varied has an entering reference axis and an exiting reference axis oriented to opposite directions. 

is 8. A zoom optical system according to claim 1 , wherein focusing is effected by moving one of said at least two optical 
elements of which relative positions are varied. 

9. A zoom optical system according to claim 1 , wherein focusing is effected by moving an optical element other than 
said at least two optical elements of which relative positions are varied. 

20 

1 0. A zoom optical system according to claim 1 , wherein said zoom optical system forms at least once an object image 
at an intermediate point in an optical path thereof. 

1 1 . A zoom optical system according to claim 1 , wherein curved reflecting surfaces among the plurality of reflecting 
25 surfaces are all formed to anamorphic shapes. 

12. A zoom optical system according to claim 1, wherein all reference axes of said at least two optical elements of 
which relative positions are varied lie on one plane. 

30 13. A zoom optical system according to claim 12, wherein at least a part of reference axes of an optical element other 
than said at least two optical elements of which relative positions are varied lie on said one plane. 

14. A zoom optical system according to claim 1, wherein at least one optical element of said plurality of optical ele- 
ments has a reflecting surface in which a normal line on the reflecting surface at an intersection point of a reference 

35 axis with the reflecting surface is inclined with respect to a movement plane on which said at least two optical ele- 
ments of which relative positions are varied move. 

15. An image pickup apparatus having a zoom optical system according to claim 1, wherein the image of the object is 
formed on an image pickup plane of an image pickup medium. 

40 

16. A zoom optical system according to claim 1, further comprising a stop disposed between said plurality of optical 
elements. 

17. A zoom optical system according to claim 1 , wherein said third optical element is a single lens. 

45 

18. A zoom optical system according to claim 1 , wherein said first optical element and said third optical element move 
during zooming. 
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